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Wyeth-14,643 (WY) and ammonium perfluorooctanoate (C8)
belong to a diverse class of compounds which have been shown to
produce hepatic peroxisome proliferation in rodents. From previ-
ous work, WY, but not C8, has been shown to produce hepatocel-
lular carcinoma in rats, while C8 has been shown to produce
Leydig cell adenomas. In addition, based on a review of bicassay
data a relationship appears to exist between peroxisome-prolifer-
ating compounds and Leydig cell adenoma and pancreatic acinar
cell hyperplasia/adenocarinoma formation. To further investigate
the relationship between peroxisome-proliferating compounds and
hepatic, Leydig cell, and pancreatic acinar cell tumorigenesis, a
2-year feeding study in male CD rats was initiated to test the
hypothesis that peroxisome proliferating compounds induce a tu-
mor triad (liver, Leydig cell, pancreatic acinar cell), and to exam-
ine the potential mechanism for the Leydig cell tumors. The study
was conducted using 50 ppm WY and 300 ppm C8. The concen-
tration of WY in the diet was decreased to 25 ppm on test day 301
due to increased mortality. In addition to the ad libitum control, a
second control was pair-fed to the C8 group. Interim sacrifices
were performed at 1- or 3-month intervals. Peroxisome prolifera-
tion measured by B-oxidation activity and cell proliferation were
measured in the liver and testis at all time points and in the
pancreas beginning at the 9-month time point (cell proliferation
only). Serum hormone concentrations (estradiol, testosterone, LH,
FSH, and prolactin) were also measured at each time point. In-
creased relative liver weights and hepatic B-oxidation activity
were observed in both the WY- and C8-treated rats at all time
points. In contrast, hepatic cell proliferation was significantly
increased only in the WY-treated group. Neither WY nor C8
significantly altered the rate of Leydig cell B-oxidation or Leydig
cell proliferation when compared to the control groups. Moreover,
the basal rate of B-oxidation in Leydig cells was approximately 20
times less than the rate of hepatic $-oxidation. There were no
biologically meaningful differences in serum testosterone, FSH,
prolactin, or LH concentrations in the WY- and C8-treated rats
when compared to their respective controls. There were, however,
significant increases in serum estradiol concentrations in the WY-
and C8-treated rats at 1, 3, 6, 9, 15, 18, and 21 months. At 12
months, only the C8-treated rats had elevated serum estradiol
concentrations when compared to the pair-fed control. His-
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topathological evaluation revealed compound-related increases in
liver, Leydig cell, and pancreatic acinar cell tumors in both WY-
and C8-treated rats. The data support the hypothesis that the
peroxisome-proliferating compounds induce the previously de-
scribed tumor triad. In addition, both C8 and WY produced a
sustained increase in serum estradiol concentrations that corre-
lated with the potency of the 2 compounds to induce Leydig cell
tumors (i.e., WY caused a more consistent sustained increase in
serum estradiol throughout the entire study, and more specifically
at the end of the study, than did C8). This study suggests that
estradiol may play a role in enhancement of Leydig cell tumors in
the rat, and that peroxisome proliferators may induce tumors via
a non-LH type mechanism.
Key Words: peroxisome proliferators; estradiol; Leydig cell.

A large number of structurally and chemically diverse com-
pounds have been shown to cause peroxisome proliferation.
induction of peroxisomal enzymes, and hepatocellular carci-
noma. Based on a revicw of bioassay data for non-Fischer 344
(F344) strains of rat, a relationship also appears to exist be-
tween compounds which produce peroxisome proliferation and
Leydig cclt adenoma formation. Leydig cells, which are found
within the testis, are the main site of testosterone biosynthesis.
By 2 years of age, the incidence of spontaneous Leydig cell
tumors in the F344 rat approaches 100%, which precludes
detection of chemically-induced Leydig cell tumors in this
strain (Lang, 199; Turek and Desjardins, 1979). However,
several known peroxisome proliferators have been shown to
induce Leydig cell tumors in non-F344 strains of rat: clofibrate
(Tucker and Orton, 1995), gemfibrozil (Fitzgerald ef al., 1981),
HCFC-123 (Malley et al., 1995), methylclofenapate (Tucker
and Orton, 1995), perchloroethylene (Mennear, 1986), and
trichloroethylene (TCE) (Maltoni ef al., 1988; Mennear, 1988).
These data suggest that it is possible that many if not all
peroxisome proliferators could produce Leydig cell tumors if
tested in a strain of rat other than the F344,

An initial hypothesis for the mechanism of induction of
Leydig cell tumors was that there was an increase in peroxi-
somes. and the tumor induction occurred in a manner similar to
that of the liver. However in a series of short-term studics,
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which used both electron microscopy and biochemical meth-
ods, it was found that C8 and WY do not induce peroxisome
production in the Leydig cells (Biegel et al., 1992), although
peroxisomes are present in this cell type. Additionally, C8 was
found to decrease testosterone and increase estradiol concen-
trations in vivo and directly inhibit testosterone production
when incubated with isolated Leydig cells (Biegel er al., 1995).
Several other peroxisome proliferators have also been showr to
inhibit testosterone production using isolated Leydig cells (Liu
et al., 1996a). Therefore, it appears that Leydig cell tumors are
not duc to an increase in peroxisomes, but may be duec to a
disruption of the hypothalamic-pituitary-testicular (HPT) axis.
To further investigate the relationship between peroxisome-
proliferating compounds and hepatic and Leydig cell tumori-
genesis, a 2-year feeding study was initiated using Wyeth-
14,643 (WY) and ammonium perfluorooctanoate (C8) to test
the hypothesis that peroxisome-proliferating compounds in-
duce a tumor triad (liver, Leydig cell, pancreatic acinar cell)
and to examine the potential mechanism for the Leydig cell
tumors. The CD rat was selected because it has a low sponta-
neous incidence of Leydig cell tumors (~5%) (Cook et al.,
1999: Lang, 1992). C§ was selected because it has been shown
to produce Leydig cell adenomas and also induce peroxisome
proliferation. WY was selected as a model for the class of
compounds known to be peroxisome proliferators, and it is a
potent inducer of hepatic peroxisomes and hepatocellular car-
cinoma (Marsman ef al., 1988). WY has not been reported to
produce Leydig cell tumors; however, all the bioassay studies
conducted to date have used the F344 strain of rat. Therefore,
this study will determine whether exposure to WY will produce
Leydig cell tumors in a CD rat at a dietary concentration that
produces liver tumors. Six months into this study, hydrochlo-
rofluorocarbon 123 (HCFC-123), a known peroxisome prolif-
erator, was shown to produce pancreatic acinar cell tumors
(Malley ez al., 1995), this finding prompted the addition of the
pancreas as an endpoint in this mechanistic bioassay.

MATERIALS AND METHODS

Test material, diet preparation, and analyses. C8 (98-100% pure) was
supplicd by the Polymer Products Department (DuPont. Wilmington. DE).
Wyeth-14.643 (WY) was purchased from Chemsyn Science Laboratories
(Lenexa, KS). The stability of C8 and WY were confirmed by analyses near the
beginning, middle. and end of the study. Al the beginning of the sludy and at
the 3-. 6-. 12-, 1%-, and 24-month time points, samples were collected to verify
the concentration of test compounds in the diets. These samples were stored
frozen ( 20°C) until analyzed. At all time points, the concentration was within
10% of the nominal concentration.

C8 and WY were added to PMI® Feeds. Ine. Certified Rodent Dict #5002 (St
Louis, MO} and thoroughly mixed for approximately 6 min in a high-speed
Hobait mixer to assure homogeneous distribution in the diet. Analyses of the
diets determined that the test compounds were homogeneously distributed.
During the test period, rats in each group were fed, ad libitum, a diet of PM1®
Feeds. Inc, Cerlified Rodent Diet #5002, which contained 0, 300 ppm C8, or
30 ppm WY, The concentration of WY was decreased to 25 ppim on test day
301, due to increased mortality. As a result, no WY -treated rats were sacrificed
for biochemical or palhological evaluation at the 15-month time point.

Test species. Twenty-one day old male Crl:CD¥ BR (CD) rats were
purchased from Charles River Breeding Laboratories (Raleigh, NC). Upon
receipt. rats were placed in stainless steel, wire mesh cages, individually
housed, and quarantined for 3 weeks. The rats were released from quarantine
by the laboratory veterinarian and selected for the study on the bases of body
weights and freedom from clinical signs of disease or injury during the
quarantine period. Rats were then divided by computerized, stratified random-
ization into treatment groups so that there were no statistically significant
differences among group body weight means. Rats were assigned to the ad
libitum control group (control), control pair-fed rats to the C& group (CP-C8),
the 300-ppm C8 group, or the 50-ppm WY group. After assignment to
treatment groups (7 = 136/group), each rat was assigned a unique 6-digit
number, and designated for either hormonal evaluation (10/group/time point),
cell proliferation evaluation (6/group/time point). or evaluation of peroxisome
proliferation (6/group/time point). Animal rooms were maintained at a tem-
perature of 23 * 1°C, a relative humidity of 50 = 10%, and were artificially
illuminated (fluorescent light) on a 12-h light/dark cycle (approximately 0600—

<1800 hours). In a few instances, the temperature/humidity were outside the

acceptable ranges, but the magnitude/duration were minimal and judged to be
of no consequence. All rats were provided tap water and PMI® Feeds, Inc.
Certified Rodent Diet #5002, ad libirum, All rats were approximalely 49 days
of age on the day of study start.

All rats were housed individually in stainless steel, wire-mesh cages during
the tesl period. Cage-side examinations were conducted at least once daily
throughout the study. At each weighing, rats were individually handled and
carefully examined for abnormal behavior and/or appearance. Rats were
weighed once a week during the first 3 months and once every other week for
the remainder of the study. Rats pair-fed to the C8 group had food consumption
determined twice per week for the first 3 weeks, The CP-C8 group then
received the same amount of (ood consumed by the C§-treated rats in the
previous food consumption or weighing interval. Feed jars containing the mean
daily food consumption were replaced daily. After the first 3 wecks, the
amount of food consumed by each test group was determined wecekly and, atter
3 months, every 2 weeks. From these deteriminations and mean body weight
data, mean daily food consumption, mean food efficiency. and intake of the test
compounds were calculated.

Hormonal measurements. Ten rats from each group were randomly se-
lected at each sampling time point for hormonal analysis. Blood was collected
from the tail vein approximately 1, 3, 6, 9, 12, 15, 18, and 21 months after
initiation of the study. For blood collection, rats were restrained using Narco
Bio-Systems (Houston, TX) heated restrainers and blood was collected without
anesthesia. Serum was prepared and frozen between —65 and —~85°C until
analyzed for testosterone, estradiol, luteinizing hormone (LH), follicle stimu-
lating hormone (FSH). and prolactin concentrations. At each sampling time
point, all serum samples were analyzed simultaneously in duplicate, using the
same lot number kit for each of the designated hormones, in order to reduce
variability. Testosterone (catalog #TKTTS) and estradiol (catalog #KE2DS)
concentrations were detenmined using radioimmunoassay kits [rom Diagnostic
Products Corp. (Los Angeles, CA). FSH (catalog #RPA.550), LH (catalog
#RPA.552). and prolactin (catalog #RPA.553) concentrations were determined
using radioimmunoassay kits from Amersham Corp. (Arlington Heights, IL).

Pathological evaluation. Rals were euthanized at interim time points 1. 3,
6.9, 12. 15,18, and 21 months. At cach time point. 6 rats/group were selected
for evaluations of cell prolileration and 6/group for peroxisome proliferation.
Rats were euthanized by chioroform anesihiesia and exsanguination. Testes,
epididymides, accessory sex gland (ASG) unit with fluid. coagulating gland/
seminal vesicle with fluid removed, prostate, and liver were weighed. Imme-
diately afler weighing, Lhe liver and testes from animals selected for peroxi-
somne proliferation evaluation were placed in ice-cold homogenization buffer
for peroxisomal preparation, The following tissues were collected from rats
selecled for cell proliferation evaluation: testes, epididymides, ASG, liver,
duodenuim, pituitary, and all organs with gross lesions.

All rats surviving the 24-month test period were euthanized by chloroform
anesthesia and exsanguination and were necropsied. Brain, heart. liver, spleen,
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FIG. 1. Effectof C8 and WY on body weights of male rats over the course

of the 2-year feeding study. Mean body weights were decreased in male rats
fed 300 ppm C8 and 25/50 ppm WY.

kidneys, ASG unit, coagulating gland/seminal vesicles with fluid removed,
prostate, cpididymides, and testes were weighed at necropsy. The liver, testes.
epididymides, pancreas. and organs with gross lesions were examined micro-
scopically: single sections were examined on H & E stained slides. The
morphologic criteria for diagnosis of proliferative pancreatic lesions were
based on the recommendations of Hansen and co-workers (1995), which
defines a proliferative acinar lesion as an adenoma if the diameter is greater
than or equal to S mm. A Leydig cell adenoma was defined as a lesion with a
diameter greater than 3 wbules,

Cell proliferation evaluation.
the time points, animals designated for cell proliferation evaluation were
anesthetized by an injection of ketamine and xylazine, and Alzet® osmotic
pumps (Palo Alta. CA) containing 20 mg/m! 5-bromo-2’-deoxyuridine (BrdU)
dissolved in 0.5 N sodium bicarbonate buffer were implanted subcutaneously.
At sacrifice, tissucs were collected and fixed for cell proliteration analysis. The
labeling index was determined for hepatocytes and Leydig cells al each ol the
specified time points. Additionally, the pancreas was collected at the 9-, 12-,
]5-, 18-, and 21-month time points and labeling indices for pancreatic acinar
cells were determined. The duodenum was used as a positive control for
staining of labeled cells. For each tissue type. one thousand cells were scored.

Peroxisomal preparation.  B-Oxidation activity from the liver and Leydig
cell peroxisomes was measured at all of the interim time points from rats
designated for evaluation of peroxisome proliferation, The livers were homog-
enized (| g tissue/4 ml buffer) in homogenization buffer (0.1 M potassium
phosphate butfer at pH 7.4, containing 0.25 mM sucrose, 1.0 mM EDTA, 2.0
mM glutathione, 4.0 mM magnesium chloride, and 50 uM leupeptin) with a
polytron. The testes were decapsulated, digested with collagenase, and Leydig

Six days prior to cuthanization at cach of

cells were isolated from Percoll gradients according to the method of Biegel
and co-workers (1992). The Leydig cells were resuspended in homogenization
buffer and homogenized with a polytron. The liver and Leydig cell homoge-
nates were centrifuged at 600 X g for 15 min at 2°C. The 600 X g supernatant
was removed and centrifuged at 15.000 X g for 15 min at 2°C. The 15,000 X
g pellet was resuspended in a final volume of' 4.0 ml homogenization buffer,
aliquoted. and stored between - 65 and --85°C until analyzed for B-oxidation
activity. The protein concentration of the peroxisomal fractions was deter-
mined using Bio-Rad protein assay dye and BSA as a standard (Bradford,
1976).

Peroxisomal B-oxidation evaluation.  B-oxidation activity, a quantitative
measurement of peroxisome proliferation, was determined using the method of’
Lazarow (1981). Briefly, the cyanide-insensitive S-oxidation activity was
measured using 5 ug hepatic peroxisomal protein/tube (0.5 myg protein/m!) and
incubated at 37°C for 10 min with ["C]palmitoyl-CoA as the substrate. The
reaction mixture contained | mM of potassium cyanide. The reaction was
stopped by the addition of perchloric acid.

Swatistical analyses. Data were analyzed by one-way analysis of variance.
When the corresponding F test for differences among test groups was signif-
icant, pairwise comparisons were made with the Dunnett’s test (p << 0.05). The
Bartlett’s test for homogeneity of variance was also performed and if signif-
icant (p < 0.005). was followed by nonparametric procedures. Nonparametric
procedures included the Kruskal-Wallis test for equal medians and the Mann-
Whitney U test for pairwise comparisons (p << 0.05).

RESULTS

Body weights, food consumption, and survival. From test
days 8 to 630, body weights were significantly decreased in the
CP-C8, €8, and WY groups when compared to those of the ad
libirum control group (Fig. 1). The decreases in body wcights
in the C8 and WY groups were primarily due to reduced food
cfficiency (Table 1). The overall mean daily intake values (test
days 0-714) for the C8 and WY groups were 13.6 and 1.88
mg/kg/day, respectively (Table ).

After 154 days on test, survival in the WY group decreased
below the control group (Fig. 2). Gross examination revealed
hemorrhages at several sites, which were attributed to a coagu-
lopathy. The concentration of WY was decreased to 25 ppm on
test day 301, and survival was subsequently stabilized. Due to
this decreased survival, no WY-treated rats were sacrificed for
biochemical or pathological evaluation at the 15-month time
point. A discussion of the hematological changes has been
previously published (Hurtt er al., 1997). On test day 714,

TABLE 1
Effect of Chronic C8 and WY Exposure on In-Life Parameters

0-24 Months on test Ad libirum diet Pair-fed C8 300 ppm C8 50 ppm WY
Body weight gain (g)" 488.8 * 126 407.7 = 110 S547.1 = 158 427.7 = 111
I'ood consumption (g)" 299 26.5 29.0 30.3
Food clficiency (g wt gainfg food consumed)” 0.023 0.022 0.026 0.020
Compound intake (mg/kg/day) 0 0 13.6 2.39

“Mecan = SD

" Although these data were collected on an individual basis, data were reported on a group basis and therefore statistical analyses could not be performed.
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FIG. 2. Effect of C8 and WY on survival of male rals over the course of

the 2-year [eeding study. At lest day 154, mean survival was decreased in male
rats fed 30 ppm WY, The concentration of WY in the diet was decreased to 25
ppin on test day 301 and survival subsequently stabilized. On test day 714,
survival was increased in the CP-C8 and C8 groups when compared to the ad
lihirum control.

survival was increased in the CP-C8 and C8 groups when
compared to the control group (Fig. 2).

Liver. In the C8 and WY groups, relative liver weights
(Fig. 3A) and hepatic B-oxidation activity (Fig. 3B) were
increased at all of the sampling time points when compared to
either the ad libinmm or pair-fed control groups. The only
exception was the C8 relative liver weight at 24 months, which
was only significantly increased when compared to the pair-fed
controls. In contrast, hepatic cell proliferation was only in-
creased in the WY-treated rats (Fig. 3C). At 24 months, WY
treatment resulted in increased incidence of hepatocellular
adenomas (22% vs. 3% in the control group) and carcinoimas
(4% vs. 0% in the control group) (Table 2). Dietary adminis-
tration of C8 produced a statistically significant increasc in the
incidence of hepatocellular adenomas (13% vs. 3% or 1% in
the ad libitum or pair-fed control groups, respectively), but no
carcinomas were observed in the C8 treated rats (Table 2).

Testis. Absolute testis weights were increased in the WY
group at 21 and 24 months and in the C& group at 24 months
(Fig. 4A). Leydig cell B-oxidation activity (Fig. 4B) and Ley-
dig cell proliferation (Fig. 4C) were not altered at any of the
sampling times. Moreover, the rate of S-oxidation in Leydig
cells, regardless of treatment, was approximately 20 times less
than the rate of hepatic B-oxidation in the ad libitum or pair-fed
control groups. At 24 months, dictary exposure to WY had
significantly increased the incidence of Leydig cell hyperplasia
(69% vs 14% in the control group) and adenomas (24% vs 0%
in the control group) (Table 2). Dietary administration of C8
also produced increases in the incidence of Leydig cell hyper-
plasia (46% vs. 14% or 33% in the ad libitum or pair-fed
control groups, respectively) and adenomas (11% vs. 0% or 3%
in the ad libitum or pair-fed control group, respectively) (Table

2). There were no consistent changes observed for the weights
of the epididymides, ASG unit with fluid, coagulating gland/
seminal vesicle with fluid removed, or prostate throughout the
study (data not shown).

Pancreas. Pancreatic acinar cell proliferation was in-
creased in the C8 group at the 15-, 18-, and 21-month time
points when compared the ad libitum or pair-fed control groups
(Fig. 5). WY did not increase acinar cell proliferation at any
time point. However, at 24 months, dietary exposure to WY
had significantly increased the incidence of acinar cell hyper-
plasia (61% vs. 18% in the control group) and adenomas (37%
vs. 0% in the control group) (Table 2). Dietary administration
of WY did not produce any acinar cell carcinomas. Dietary
administration of C8 also produced increases in the incidence
of acinar cell hyperplasia (39% vs. 18% or 10% in the ad
libitum or pair-fed control groups, respectively) and adenomas
(9% vs. 0% or 1% in the ad libitum or pair-fed control groups,
respectively). Additionally, a carcinoma was observed in one
C8-treated rat.

Serum hormone measurements. Serum estradiol concen-
trations were significantly elevated in the C8-treated group at
the 1-, 3-, 6-, 9-, and 12-month time points when compared to
the ad libitum or pair-fed control groups (Fig. 6A). Serum
estradiol concentrations were significantly elevated in the WY-
treated group at the 3-, 6-, 9-, 18-, and 21-month time points
when compared to the control group. After the 9-month time
point, the dietary concentration of WY was reduced from 50 to
25 ppm, due to excessive mortality. At the 12-month sampling
time point, serum estradiol concentrations in the WY group
were similar to those of the control group, but were subse-
quently increased at 15, 18, and 21 months.

In contrast, C8 and WY did not alter serum testosterone
concentrations in any consistent pattemn (Fig. 6B). In the C8
group, serum LH was significantly elevated at the 6- and
18-month time points, and was numerically incrcased at the 9-
and 12-month time points (Fig. 6C); serum FSH was signifi-
cantly incrcased at the 6-month time point (Fig. 6D). In the
WY group, serum LH was significantly elevated at the 6-, 12-,
and 18-month time points, and was numerically increased at
the 9- and 2 1-month time points (Fig. 6C). In the WY group,
serum FSH was significantly increased at the 6- and 9-month
time points, and was numerically increased at the 12-, 15-, 18-,
and 2 1-month time points (Fig. 6D). C8 did not alter serum LH
or FSH concentrations as consistently as WY, which is con-
sistent with C8 being less potent than WY in producing Leydig
cell tumors. Sustained elevation of serum LH has been reported
to enhance Leydig cell tumorigenesis (Cook ef al., 1999).
Although not always statistically significant, serum prolactin
concentrations were numerically decreased in the WY group at
the 1-, 3-, 6-, 9-, 12-, and 15-month time points and in the C8
group at the 1-, 3-, 6-, 9-, and 12-month time points (Fig. 6E).
The prolactin data is difficult to interpret due to the high degree
of variability. Subsequent work by the authors has shown that
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TABLE 2
Summary of Hyperplasia/Neoplasia Incidence in the Liver, Testes, and Pancreas from Rats Fed C8 or WY

Control CP-C8 CR 300 ppm WY 25 ppm
Lesion Incidence Y Incidence % Incidence % Incidence %

Liver

Adenoma 2/80 3 1179 | 10/76 13* 15/67 290

Carcinoma 0/80 0 2/79 3 0/76 0 3167 4

Adenomascarcinoma combined 2/80 3 379 4 10/76 13* 17/67 DSk
Testes ‘ :

Leydig cell hyperplasia 11/80 14 26/78 33 35/76 46* 46/67 69*

Leydig cell adenoma 0/80 0 2178 3 8/76 1 16/67 24%*
Pancreas

Acinar cell hyperplasia 14/80 18 8/79 10 30/76 39" 41/67 61%

Acinar cell adenoma 0/80 0 1/79 1 7/76 9* 25/67 37

Acinar cell carcinoma 0/80 0 0/79 0 1776 1 0/67 0

Adenoma/carcinoma combined 0/80 0 /79 | 8/76 1* 25/67 37

Note. Values given for incidence of lesions are from all scheduled and unscheduled deaths; %. percent of control.

* Significantly ditferent from the ad libitum control group, p < 0.05.
* Significantly different from the pair-fed control group, p < 0.05.

serum prolactin concentrations are affected by stress, and that
the blood collection procedure utilized in the current study
(i.e.. tail vein blood collection) contributes to the variability
(O’Connor et al.. 2000).

DISCUSSION

As hypothesized, both WY and C8 induced the tumor triad
(i.e., hepatocellular, Leydig cell, and pancreatic acinar cell) in
the current 2-year mechanistic study. WY increased the inci-
dence of hepatocellular adenoma and carcinoma, Leydig cell
hyperplasia and adenoma, and pancreatic acinar cell hyperpla-
sia and adenoma, when compared to the control. A similar
pattern was observed with C8, although C8 was clearly less
potent than WY. For the liver effects, WY produced approxi-
mately a 2-fold greater incidence of combined (i.e., adenoma
and carcinoma) tumors than C8, consistent with its ability to
produce sustained increases in hepatic cell proliferation. These
data are also consistent with the findings of Marsman and
co-workers (1988) who demonstrated a similar relationship
between di(2-ethlyhexyl)phthalate (DEHP) and WY. These
studies illustrate how a sustained increase in cell proliferation
can drive liver tumorigenesis. These data further demonstrate
that peroxisome proliferators induce extrahepatic tumors (tes-
tis, pancreas), a relationship which has not been clearly dem-
onstrated before. Several peroxisome proliferators produce ex-
trahepatic tumors; however, these finding are only recently
being addressed in review articles with this class of conmipound.
For instance, clofibrate and HCFC-123, as well as C8 and WY,
induce the tumor triad (liver, Leydig cell, and pancreatic acinar
cell). Gemfibrozil, DEHP, and TCE induce liver and Leydig
cell tumors (reviewed in Cook er al., 1999), and Nafenopin

induces liver and pancreatic acinar cell tumors (Reddy and
Rao, 1997a,b).

Leydig Cell

Our early hypothesis for the mechanism of peroxisome
proliferator-induced Leydig cell tumors was that this class of
compounds increased peroxisomes in Leydig cells in a similar
manner as in the liver (Cook et al.. 1992). This hypothesis was
based on the similarity between hepatocytes and Leydig cells;
both have abundant smooth endoplasmic reticulum; however,
hepatocytes utilize this organelle for xenobiotic. metabolism
while Leydig cells utilize it for steroid biosynthesis. In 2 strains
of rat, WY did not induce peroxisomes in Leydig cells based
upon biochemical (peroxisomal 3-oxidation activity) and elec-
tron microscopy (qualitative evaluation) criteria, at doses
where abundant peroxisome induction was present in the liver
(Biegel er al., 1992; Hurtt et al., 1992). In the current study, C8
and WY did not induce peroxisomes in Leydig cells, as mea-
sured by peroxisomal B-oxidation activity throughout the
2-year bioassay. These data demonstrate that peroxisome pro-
liferators do not induce peroxisomes in Leydig cells, and
hence, induce Leydig cell tumors via a different mechanism
from that for liver tumors.

Early studies indicated that exposure to C8 and WY altered
serum hormone concentrations. Surprisingly, in the cwrrent
study, the only consistent alterations in serum hormone levels
were an increase in estradiol concentrations and a mild de-
crease in prolactin concentrations; serum testosterone and LH
concentrations were not significantly altered at the levels of C8
and WY that were tested. The Leydig cell tumors appear to be
hormonally mediated where the sustained increase in estradiol,
and possibly the decrease in prolactin concentrations, may play
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FIG. 4. Feeding study effect of C8 and WY on testes weights (A), Leydig cell B-oxidation activity (B), and Leydig cell proliferation indices (C) in male
rats over the course of the 2-year study. Absolute testis weights were increased in the WY group at 21 and 24 months and in the C8 group at 24 months. This
increase in testis weight was attributed to the increase in Leydig cell tumors. Leydig cell B-oxidation activity and cell proliferation were not altered at any time
point. Data are reported as mean = SD. Significantly different from the ad libitum control group (*p < 0.05) or the pair-fed control group ("p < 0.05).

a key role. Both C8 and WY produced biologically significant were not always statistically significant, there were numerical
increases in serum estradiol concentrations after 1 month of increases in estradiol concentrations at every time point, which
dietary administration. While the increases in the current study  were considered biologically significant. The only exception
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FIG. 5.

Effect of C8 and WY on pancreatic acinar cell proliferation indices in male rats over the course of the 2-year feeding study. Pancreatic acinar cell

proliferation was increased in the C8 group at 15, 18, and 21 months, Dietary administration of WY did not alter acinar cell proliferation. Data are reported as
mean * SD. Significantly different {rom the ad /ibitum control group (*p < 0.05) or the pair-fed control group (“p < 0.05).

was in the WY animals at the 12 month time point, where
estradiol concentrations were not increased. However, this was
attributed to the reduction in the dietary concentration of WY
from 50 to 25 ppm that occurred on test day 301. The increase
in serum cstradiol in the WY group was recstablished at the
I 5-month time point and was maintained through the remain-
der of the study.

We have proposed a mechanism for the induction of Leydig
cell tumors where estradiol modulates growth factor expression
in the testis to produce Leydig cell hyperplasia and neoplasia
(Biegel, er al., 1995; Cook, er al., 1992). Consistent with this
hypothesis, WY produced approximately a 2-fold greater in-
crease in the incidence of Leydig cell tumors than C8, and this
correlated with the more sustained increase in estradiol that
was observed in the WY-treated rats. In support of this hy-
pothesis, it has been shown that administration of estradiol to
mice produces Leydig cell tumors (Andervont ef al., 1960;
Bonser, 1942; Hooker and Pfeiffer, 1942). In addition, it ap-
pears that human Leydig cell adenomas and the surrounding
hyperplastic Leydig cells secrete large quantities of estradiol
(Castle and Richardson, 1986; Due et a/., 1989). In male rats,
serum estradiol concentrations are maintained by the conver-
sion of testosterone to estradiol via aromatase, a cytochrome
P450 containing monooxygenase (Coffey, 1988). It has been
demonstrated that peroxisome proliferators increase serum es-
tradiol levels via induction of aromatase (Biegel e al.. 1995,
Liu ef al.. 1996a.b). This hepatic aromatase induction increascs
serum cstradiol concentrations (Biegel, et al., 1995; Cook, et
al., 1992 Liu et al., 1996a,b). which increases testis cstradiol
concentrations (Biegel, er al., 1995), The increase in testicular
estradiol concentrations (interstitial fluid) modulates growth
factors, specifically TGFe, within the testis (Biegel, er af.,
1995).

Estradiol has been shown to stimulate the secretion of trans-
forming growth factor (TGF-«) by mammary epithelial cells

and over expression of TGFa has been suggested as one
possible factor in producing sustained cell proliferation of
mammary tumor cells and the subsequent development of
neoplasia (Liu ef a/., 1987). TGFa binds to the EGF receptor
and stimulates cell proliferation (reviewed in Moses ef al.,
1988). It is notable that TGFa stimulates thymidine incorpo-
ration into Leydig ccll precursors and appears to be a Leydig
cell stimulant (Khan er af., 1992a). TGFa has been identified in
Leydig cells (Teerds ef al., 1990). Hence, it is possible that the
peroxisome proliferator-induced elevation of estradiol concen-
trations may be responsible for the development of Leydig cell
adenomas. Studies with compounds that directly elevate serum
estradiol concentrations (i.e., 1783-estradiol) are necessary to
fully investigate this hypothesis.

Conflicting evidence exists for the role of estrogens in the
development of Leydig cell tumors in rats. Estrogenic com-
pounds do not induce Leydig cell tumors in rats when given at
doses which produce testicular atrophy, which can confound
detection of Leydig cell hyperplasia (Gibson. et al, 1967;
Marselos and Tomatis, 1992; Schardein, 1980; Schardein, et
al., 1970). These earlier studies were also limited by small
sample size and reduced survival. Interestingly, GnRH agonists
induce Leydig cell tumors at low doses, but do not induce
Leydig cell tumors at higher doses where LH concentrations
are suppressed and testicular atrophy occurs (Donaubauer ef
al., 1987; Hunter et al., 1982; Physician’s Desk Reference,
1995a,b,c). Hence, these negative bioassays with estrogenic
compounds may be due to suppression of LH, which to date is
the primary demonstrated “driver” of Leydig cell tumors. Es-
tradiol does appear to play a role in enhancement of Leydig cell
tumorigenesis based on data from aging studies. In F344 rats,
which have a high spontaneous incidence of Leydig cell tu-
mors, there is an age-related increase in serum estradiol, which
correlates with the development of Leydig cell hyperplasia and
tumor formation (Turck and Desjardins, 1979). However, in
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FIG. 6. Effect of C8 and WY on serum estradiol (A), testosterone (B), LH (C). FSH (D), and prolactin (E). Serum estradiol concentrations were elevated
in the C8-treated group at 1. 3, 6, 9, and 12 months. Serum estradiol concentrations were elevated in the WY-treated groups at 3, 6, 9, 18, and 21 months. Serum
testosterone was not altered by dietary exposure to C8 or WY. Although not always statistically significant, seriin LH and FSH were numerically elevated in
the WY group at 6,9, 12, 18, and 21 months. Occasional elevations in LH and FSH were observed in C8-treated rats. Although not always statistically significant.
serum prolactin concentrations were numerically decreased in the WY group at 1, 3, 6,9, 12, and 15 months. A similar pattern was also observed in C8-treated
rats. Dala are reported as mean = SD. Significantly ditferent (rom the ad /ibinun control group (*p < 0.05) or the pair-fed control group (‘p < 0.05).
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the CD rat, which has a low spontaneous incidence of Leydig
cell tumors, serum estradiol decreases with age (Cook er al.,
1994). In the current 2-year rat mechanistic bioassay, C8 and
WY produced a sustained increase in serum estradiol concen-
trations that correlated with the potency of the 2 compounds to
induce Leydig cell tumors. These studies suggest that estradiol
may play a role in enhancement of Leydig cell tumors in the
rat, and that peroxisome proliferators may induce Leydig cell
tumors via a non-LH type mechanism. Whether estradiol plays
a role in the induction of Leydig cell tumors by peroxisome
prolifcrators can only be determined from an estradiol bioassay
conducted at levels that do not induce testicular atrophy or
reduce LH concentrations.

Pancreas

The development of pancreatic acinar cell tumors in the rat
has been shown to be modified by several factors such as
steroid concentrations (testosterone and estradiol), growth fac-
tors, cholecystokinin (CCK), and diet (fat) (Longnecker,

1983, 1987; Longnecker and Sumi, 1990). Castration, ovari-
ectomy, and hormone replacement with estradiol and testos-
terone have been shown to influence the growth of carcinogen-
induced preneoplastic foci in the azaserine-rat model of
pancreatic carcinogenesis (Longnecker and Sumi, 1990). The
incidence of spontaneous and induced neoplasms of the exo-
crine pancreas is higher in male than in female rats. Addition-
ally, growth factors such as CCK have been shown to stimulate
normal, adaptive, and neoplastic growth of pancreatic acinar
cells in rats, CCK is found in the gut mucosa and is released
into the bloodstream in response to the presence of food in the
duodenum. CCK then binds to receptors on the pancreatic
acinar cells and stimulates release of pancreatic secretions into
the gut. The pancreatic secretions contain the monitor peptide,
a protein that binds to the receptors in the duodenum to
stimulate CCK release into the bloodstream. Chymotrypsin is
also found in pancreatic juice and is cleaved into trypsin inside
the gut. Trypsin digests proteins present in the gut. Once there
is no food present in the gut, trypsin degrades the monitor
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protein, which stops the further release of CCK. In the cutrent
2-year study. WY produced approximately a 3.5-fold greater
incidence of combined (i.e., adenoma and carcinoma) tumors
than C8. The induction of pancreatic acinar cell tumors has
also been reported for two other peroxisome-proliferating com-
pounds, clofibrate and nafenopin (Physician’s Desk Reference,
1996; Reddy and Rao 1997a.b). Hence, the induction of these
tumors also appears to be associated with this class of com-
pounds. It has also been shown that a scries of aliphatic
dicarboxylic acids, which produce hypolipidemic activity, in-
crease fecal fat content. Although Tzydore and Hall (1991) did
not examine whether these aliphatic dicarboxylic acids are
peroxisome proliferators, the “substrate overload hypothesis”
would indicate that the dicarboxylic acids are responsible for
the induction of pcroxisomes. If this is true, then aliphatic
dicarboxylic acids are likely to be peroxisome proliferators.
Hence the ability of C8 and WY to induce pancreatic acinar
c¢ll tumors may be due to increasing the fat content in the gut,
presumably by enhanced excretion of cholesterol/triglycerides
in the liver. The increased fat content in the intestine would
increasc CCK release into the bloodstream. The sustained
increase in serum CCK would enhance pancreatic acinar cell
hyperplasia and the eventual formation of adenomas. Data
suggest that peroxisome proliferators such as C8 and WY
increase CCK concentrations; this may play a key role in the
induction of pancreatic tumors. This hypothesis was further
investigated by Obourn and co-workers (1997), who found that
the WY-induced cholestasis produced increased plasma con-
centrations of CCK. They hypothesized that the pancreatic
acinar cell tumors were induced via a mild, yet sustained
increase in plasma CCK, sccondary to hepatic cholestasis.

Swmmary:

In conclusion, the peroxisome proliferators WY and C8 both
produced the tumor triad of hepatocellular, Leydig cell, and
pancreatic acinar cell tumors in the 2-year mechanistic bioas-
say in CD rats. This data, in conjunction with previously
published data for other peroxisome-proliferating compounds
(Cook et al., 1992; Longnecker, 1983: Malley et al., 1995;
Tucker and Orten, 1995: Physician’s Desk Reference, 1996;
Reddy and Rao, 1997a) supports the hypothesis that induction
of this tumor triad is a common occurrence among peroxisome-
proliferating compounds. Regarding the induction of pancre-
atic acinar cell tumors, current data suggests that peroxisome-
proliferating compounds such as WY and C8 induce pancreatic
acinar cell tumors via increased CCK concentrations; however,
the primary driver of the increased CCK has not been eluci-
dated (Obourn er al., 1997). The data from the current study
suggest that the induction of the Leydig cell tumors by perox-
isome proliferators is a result of a sustained increase in serum
estradiol concentrations. Interestingly, GnRH agonists induce
Leydig cell tumors at low doses, but do not induce Leydig cell
tumors at higher doses where LH concentrations are sup-
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pressed and testicular atrophy occurs (Donaubauer ef al., 1987,
Hunter er al., 1982: Physician’s Desk Reference, 1995a.b.c).
Hence. these negative bioassays with estrogenic compounds
may be due to suppression of LH, which to date is the primary
demonstrated “driver” of Leydig cell tumors. In the current
2-year rat mechanistic bioassay, C8 and WY produced a sus-
tained increase in serum estradiol concentrations that corre-
lated with the potency of the 2 compounds to induce Leydig
cell tumors. These studies suggest that estradiol may play a
role in enhancement of Leydig cell tumors in the rat, and that
peroxisome proliferators may induce Leydig cell tumors via a
non-LH type mechanism. Whether estradiol plays a role in the
induction of Leydig cell tumors by peroxisome proliferators
can only be determined from an estradiol bioassay conducted at
levels that do not induce testicular atrophy or reduce LH
concentrations.
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CONSENT ORDER ISSUED PURSUANT TO
ARTICLES 5 and 12, CHAPTER 22 AND ARTICLE 1, CHAPTER 16
OF THE WEST VIRGINIA CODE.

TO: E.IL DUPONTDE NEMOURS AND COMPANY  DATE: November 14, 2001 -

West Virginia Department of Environmental Protection Order No. GWR-2001-019
West Virginia Department of Health and Human Resources '

This CONSENT ORDER is issued by the Director of the Division of Water Resources
and Director of the Division of Air Quality, West Virginia Department of Environmental
Protection, and the Commissioner of the Bureau for Public Health, West Virginia Department of
Health and Human Resources, pursuant to the authority set forth in more detail below.

I. INTRODUCTION OF PARTIES.

This Consent Order is entered into by and between the West Virginia Department of
Environmental Protection [WVDEP], the West Virginia Department of Health and Human
Resources — Bureau for Public Health [WVDHHR-BPH], and E. L. du Pont de Nemours and
Company [DuPont][collectively referred to as the “Parties™].

II. PURPOSE OF CONSENT ORDER.

This Consent Order sets forth a series of tasks to be performed by the Parties in order to
determine whether there has been any impact on human health and the environment as a result of
releases of ammonium perfluorooctanoate [C8], CAS Number 3825-26-1, to the er.vironment
from DuPont operations. C8 is a material used by DuPont in its fluoroproducts manufacturing
process at its Washington Works facility located at Washington, Wood County, West Virginia.
C8 is not identified as a hazardous substance, hazardous waste or otherwise specifically regulated
under West Virginia or federal statute or regulation.

This Consent Order has been negotiated in good faith and the actions undertaken by
DuPont pursuant to this Consent Order do not constitute an admission of any liability on its part.
DuPont retains the right to controvert in any other proceedings, other than proceedings to
implement or enforce this Consent Order, the validity of the findings of fact and conclusions of
law set forth herein. DuPont agrees to comply with and be bound by the terms of this Consent
Order and further agrees in any proceeding to implement or enforce this Consent Order that it
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will not contest the validity of this Consent Order or the jurisdiction of WVDEP and WVDHHR-
BPH to issue it.

III. DEFINITIONS.

Whenever the terms identified below are used in the Consent Order or in any exhibit or
attachment hereto, the following definitions shall apply:

L “The Agencies” shall mean the Department of Health and Human Resources,
Bureau for Public Health and the Department of Environmental Protection, including the
Divisions of Air Quality and Water Resources.

2. *“C8" shall mean the chemical compound ammonium perfluorooctanoate.

2 "Detection Limit" means the lowest analytical level that can be reliably achieved
within specified limits of precision and accuracy under routine laboratory conditions for a
specified matrix. It is based on quantitation, precision and accuracy under normal operation of a
laboratory and the practical need in a compliance-monitoring program to have a sufficient
number of laboratories available to conduct the analyses.

4, “Effective Date” shall mean the date set forth in Section XVII of this Consent
Order.

5. “EPA” shall mean the United States Environmental Protection Agency.

6. “Force Majeure” shall mean conditions or circumstances beyond the reasonable

control of DuPont which could not have been overcome by due diligence and shall include,
without limitation, acts of God, action or inaction of governmental agencies, or administrative or
judicial tribunals or other third parties, or strikes or labor disputes (provided, however, DuPont
shall not be required to concede to any labor demands), which prevent or delay DuPont from
complying with the work plan.

7. “Groundwater Monitoring Well” shall mean any cased excavation or opening into
the ground made by digging, boring, drilling, driving, jetting, or other methods for the purpose of
determining the physical, chemical, biological, or radiological properties of groundwater. The
term “monitoring well” includes piezometers and observation wells, which are installed for
purposes other than those listed above, but does not include wells whose pnmary purpose is to
provide a supply of potable water.

8. “Groundwater Well” or “Well” shall mean any drilled or excavated groundwater
collection system that supplies water for public, private, industrial, or agricultural use and shall
include drinking water wells. As used in this Consent Order, this term applies only to wells
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located in West Virginia.

9. “Reimbursable Costs” shall mean costs attributable (on an hourly basis) to the
work of Dee Ann Staats, Ph.D. in the negotiation and implementation of this Consent Order, the
costs attributable to any other participants on the C8 Assessment of Toxicity Team, as described
in Attachment C to this Consent Order, who are serving in that position as contractors to
WVDEDP, costs incurred by WVDEP in connection with the public meetings described in
Attachment C, and costs attributable to any contractor retained at the direction of the
Groundwater Investigation Steering Team (GIST).

10.  “Washington Works” shall mean the manufacturing facility owned by DuPont and

located in Washington, Wood County, West Virginia, as depicted on Exhibit 1 to this Consent
Order.

11. “The Facilities” shall mean the Washington Works and the Local Landfill,

depicted on Exhibit 1, the Letart Landfill, depicted on Exhibit 2, and the Dry Run Landfill,
depicted on Exhibit 3. '

12. “Reference Dose” or “RfD” shall mean an estimate (with uncertainty spanning
perhaps an order of magnitude or greater) of a daily exposure level for the human population,
" including sensitive subpopulations, that is likely to be without an appreciable risk of deleterious

effects during a lifetime. Chronic RfDs are specifically developed to be protective for long-term
exposure to a compound.

13.  “Screening Level” shall mean the concentration in a specific media such as air,

water, or soil, that is likely to be without an appreciable risk of deleterious effects during a
lifetime in the human population.

IV. WAIVER OF RIGHTS.

DuPont waives any and all rights it may have to appeal or challenge the validity or
requirements of this Consent Order, and shall not challenge the jurisdiction of the Agencies to
issue this Consent Order. ,

This Consent Order applies to and is binding upon the Parties, and their successors and
assigns.

V. FINDINGS OF FACT.

1. C8 is a chemical substance which has no established state or federal effluent or
emission standards.

2. (% is a perfluorinated surfactant manufactured by the 3M Company and others.
3
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Since thé early 1950’s C8 has been used by DuPont in its fluoropolymer-related manufacturing
‘processes at its Washington Works facility, located in Wood County, West Virginia.

3. Residues containing C8 from fluoropolymer manufacturing processes at
Washington Works are or have been released to the air, discharged to the Ohio River, disposed of
at the Facilities, and otherwise shipped off-site for destruction and/or disposal. DuPont also ‘
captures for recycle a significant portion of used C8.

4, No permits issued to DuPont authorizing releases of pollutants to the environment
contain specific limitations on the amount of C8 that may be released to the environment.
However, C8 releases are addressed more generally in WVDEP Division of Air Quality permits -
as particulate matter, PM,o (particulate matter with an aerodynamic diameter less than or equal to
10 microns), or as a volatile organic compound.

5. Since as early as 1990, DuPont has performed regular, voluntary water sampling
to detect the presence and level of C8 in and around certain of its Facilities in Wést Virginia and
has reported the results of this sampling to various government agencies. Currently, DuPont also

samples and reports C8 concentrations in water as required by permits issued by WVDEP and
EPA.

6.  Asaresult of DuPont’s sampling, C8 has been detected in varying concentrations
in and around certain of its Facilities in West Virginia, including private drinking water wells and
public water supplies.

2 Analyses of water samples have reported levels of C8 in the Lubeck Public
Service District (“LPSD”) drinking water supply.

_ 8. DuPont, by and through its use of C8 in the fluoropolymer manufacturing process,
is the likely source of C8 presence in and around certain of its Facilities in West Virginia.

9. - Along with environmental sampling for C8, DuPont has performed and

participated iri multiple studies examining the potential effects of C8 exposure on human health
and the environment.

10.  Studies performed by DuPont and 3M have determined that C8 in sufficient
doses, i.e., considering both amount and duration of exposure, is toxic to animals through

ingestion, inhalation and dermal contact. Studies have also found that C8 is persistent in humans
and the environment.

11.  Although DuPont has collected a large amount of data on the presence of C8 in
the environment, the Agencies believe that additional information will assist them in delineating
the extent and concentrations of C8 in the environment at or near the Facilities. Available data
collected by DuPont indicates that C8 is present in the surface and groundwater at the Letart and
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Dry Run Landfills and at or near the Washington Works facility.

12. WVDEP and WVDHHR-BPH have determined that it is deéirab}e to ascertain the

source of drinking water for persons potentially exposed to C8 in groundwater or surface waters
in the area of the Facilities.

13. EPA, WVDEP, and WVDHHR-BPH, in consultation and cooperation with one
another, have requested, and DuPont has submitted, information and documents relating to the
detection and presence of C8 in and around the Facilities and documents with respect to the
human health studies being performed related to C8 exposure.

14.  Based upon information submitted by DuPont and reviewed to date by EPA,
WVDEP, and WVDHHR-BPH, the Agencies believe that additional data would assist in their
evaluation of whether the ground and surface watérs now containing C8 have a complete

exposure pathway to humans and whether persons in and around the Facilities are at risk of
adverse health effects from C8 exposure. -

15.  There have been no independent governmental or non-industrial studies
performed on the human health effects of C8 exposure for the purpose of establishing an
exposure standard for C8 applicable to the general public.

16. The Agencies have concluded that full site and health assessments are necessary
to ascertain the extent and level of C8 concentrations in the environment and to assist them in

determining whether C8 presents any possible danger to the public. DuPont has agreed to
participate and assist in this effort.

17.  The fluoropolymers industry has committed to EPA to reduce total actual C8
emissions for either the year 1999 or the year 2000 by 50 percent within threg to five years of
each company’s commltment date. DuPont committed to this goal in 2000.

18.  DuPont installed, in March 2001, a filter and carbon treatment system at its

Washington Works facility that is demonstrating removal efficiency of 90-95% of the C8 in its
major C8-containing wastewater stream.

V1. AUTHORITY TO ISSUE CONSENT ORDER.

1. The WVDERP is the state agency vested with the authority to protect the
environment in West Virginia.

2. Article 12, Chapter 22 of the West Virginia Code, the Groundwater Protection
Act, grants to thé WVDEP the authority to protect the State’s groundwater from any contaminant
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and, where contaminated groundwater is found, to institute a civil action or issue an order
requiring that groundwater be remediated.

3. Article 5, Chapter 22 of the West Virginia Code, the Air Pollution Control Act,
grants to the WVDEP the authority to protect the State’s air from pollutants and to institute a
civil action or issue orders to enforce the statute.

4. The WVDHHR-BPH is the state agency vested with the authority to regulate and
protect drinking water supplies in West Virginia.

5. Article 1, Chapter 16 of the West Virginia Code, grants to the WVDHHR-BPH
the authority to protect the public drinking water supply of the state and to perform all
investigation necessary to assure its purity and safety, and further grants to the WVDHHR-BPH
‘the authority to institute actions and issue orders to restore the purity of said water supply.

VII. REQUIREMENTS OF CONSENT ORDER.

The Agencies have concluded that it is of great importance to have sufficient data upon
which to determine the scope and potential risk of the presence of C8 in the environment in and
around the Facilities. Therefore, the Agencies require the following:

A. Establishment of Groundwater Investigation Steering Team.

1. A “Groundwater Investigation Steering Team” (GIST) shall be established with -
members of the team consisting of WVDEP, WVDHHR-BPH, EPA Region III, and DuPont.
The WVDEP representative will be the team leader. The objectives and specific tasks of the
team are set forth in full in Attachment A of this Consent Order. However, the primary purpose
of the GIST will be to oversee an expeditious, phased approach to fulfilling the majority of the
requirements set forth in Sections A through C. The work performed with oversight from the
GIST shall be funded by DuPont in accordance with Section VIII of this Consent Order.

2. Upon conclusion of key milestones in the tasks set forth in Attachment A, the
GIST shall issue interim or final reports setting forth findings of fact and conclusions regarding
background data, groundwater monitoring, and plume identification as described in Attachment
A. Any groundwater monitoring plan developed pursuant to Attachment A shall survive the
termination of this Consent Order and shall be incorporated as a minor permit modification for

the Facilities. DuPont reserves the right to request modification of the plans upon renewal of the
Facilities’ permits.

B. National Pollutant Discharge Elimination System Requirements.
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1. Except as occasioned by no-flow conditions, DuPont shall perform monthly
sampling for C8 at the Local Landfill at certain outfalls identified in West Virginia/National

Pollutant Discharge Elimination System (“WV NPDES") Permit No. 0076538 as Outfalls 101,
004 and 005.

2. Except as occasioned by no-flow conditions, DuPont shall perform monthly
sampling for C8 at the Washington Works facility at certain outfalls identified in WV NPDES
Permit No. WV0001279 as Outfalls 001, 002, 003, 005, 007, and 105.

3. Except as occasioned by no-flow conditions, DuPont shall perform monthly

sampling for C8 at Dry Run Landfill at all outfalls identified in its WV NPDES Permit No.
WV0076244. '

4. Except as occasioned by no-flow conditions, DuPont shall perform monthly

sampling for C8 at Letart Landfill at all outfalls identified in its WV NPDES Permit No.
WV0076066.

5. With respect to the requirements of paragraphs VII.B.1 through VIL.B.4, all
sampling shall be performed pursuant to established EPA guidelines, where applicable, and
results shall be delivered to the WVDEP within thirty days of receiving such results. DuPont
shall record and report all attempts to sample under no-flow conditions.

6. Within 90 days of the Effective Date of this Consent Order, DuPont agrees to
obtain a sample from each surface or alluvial water intake for public water supplies along the
Ohio River in the area extending ten river miles downstream of the Washington Works facility
and one river mile upstream of the Washington Works facility. If concentrations of C8 above
the Detection Limit are found in any sampled public water supply within the upstream or
downstream segments initially sampled, the segments within which intakes are to be sampled
shall be extended to twenty river miles downstream or two river miles upstream, as appropriate.
If concentrations above the Detection Limit are found in any segment so extended, additional

sampling will be performed on water intakes within thirty river miles downstream or three river
miles upstream, as appropriate.

7. The additional monitoring requirements contained in this subsection shall be
incorporated into the Facilities’ West Virginia/National Pollutant Discharge Elimination System

permits by minor modification. DuPont reserves the right to request a modification of these
requirements upon renewal of the permits.

C. Toxicological and Human Health Assessment.

1. DuPont agrees to fund the various tasks set forth below as a part of this Consent
Order by establishing an escrow account at a bank agreed to by the Parties, or by some other

/
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means agreed to by the Parties. Disbursements from said escrow shall be authorized by the C8
Toxicity Team Leader and DuPont representative jointly as described below.

2. A C8 Assessment of Tox1c1ty Team (“CAT Team”) shall be estabhshed with
members of the team consisting of representatives of:

WVDEP
WVDHHR-BPH
EPA Region III
NICS ‘
ATSDR

DuPont

3. The WVDEP representative shall be the Team Leader.

4. The individual team members, the tasks of the team, and the team objectlves are
set forth in full in Attachment C of this Consent Order.

5. Upon conclusion of all the tasks set forth in Attachment C, the CAT Team shall
issue a final report setting forth findings of fact and conclusions as to what extent there may be
health risks associated with C8 at the Facilities.

D. Emission M_odeling Assessment.

1. The following information shall be submitted to the Division of Air Quality
(“DAQ”) within 30 days of the Effective Date except where a different deadline is provided in
this subsection: ' '

a. A complete and accurate list of building dimension parameters for all
structures located within the Washington Works facility that have a significant impact on the
dispersion of C8 emissions. Significant impact for each structure on the site shall be determined
based on the “area of building wake effects™ as defined in the EPA User’s Guide to the Building
Profile Input Program (EPA-454/R-93-038 Revised Feb. 8, 1995).

b. A complete and accurate list of DuPont’s current permitted allowable
emission rates and confirmed actual C8 emission rates in pounds per year for the year 2000 for
all sources located within the Washington Works facility. Each emission point shall be listed
according to its stack 1.D. and corresponding permit number. For each stack identified above as
emitting C8 DuPont shall list all relevant stack parameters to be used in air dispersion modeling.

c; For each emission point (stack) emitting C8, the following information
shall be suppled:
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L Phase of C8 (solid, vapor or aqueous solution) at stack conditions.

ii. The particle characterization to be used for modeling including the
particle size distribution (microns), the mass fraction of C8 in each particle size category, and the
particle density (g/ch).

1ii. For particulate emissions, scavenging coefficierits (hr/s-mm) for
both liquid and frozen precipitation to be used for wet deposition modeling based upon the
particle size distribution and the EPA’s Industrial Source Complex, Version 3 Model Guidance
(EPA-454/B-95-003b Sept. 1995) (“ISC Guidance”). DuPont may submit, within 30 days of the
Effective Date, information to support the use of the normalized scavenging coefficient in the
ISC Guidance (Figure 11 of ISC Guidance) for C8’s scavenging coefficients. DAQ shall approve -
or disapprove with justification in writing, DuPont’s submission. Should DAQ disapprove,
DuPont shall have the right, within seven days, to request a meeting with DAQ and USEPA to’
address the deficiencies set forth in DAQ’s letter and to request reconsideration of DAQ’s
decision. Following a meeting of the parties, DAQ shall issue a decision letter regarding C8'’s
scavenging coefficients within seven days of the meeting. ‘DAQ reserves the right to require
- measurement of C8’s scavenging coefficients in its decision and DuPont reserves the right to
assert a claim of confidentiality in the event such a measurement is made.

iv. For gaseous emissions, scavenging coefficients (hr/s-mm) for both
liquid and frozen precipitation to be used for wet deposition modeling will be provided as a
function of droplet size using formulae in the open literature based on the physical properties of
C8 and consistent with Section 1.4 of the ISC Guidance. DuPont may submit, within 30 days of
the Effective Date, information to support the proposed scavenging coefficient for gaseous
emissions including information on the percentage of C8 emissions that would be in gaseous
form. DAQ shall approve or disapprove with justification in writing, DuPont’s 'submission.
Should DAQ disapprove, DuPont shall have the right, within seven days, to request a meeting
- with DAQ and USEPA to address the deficiencies set forth in DAQ’s letter and to request
reconsideration of DAQ’s decision. Following a meeting of the parties, DAQ shall issue a
decision letter regarding C8’s scavenging coefficients within seven days of the meeting. DAQ
reserves the right to require measurement of C8’s scavenging coefficients in its decision and

DuPont reserves the right to assert a claim of confidentiality in the event such a measurement is
made.

d. To the extent that the phases exist, a solid, liquid and vapor phase (T-P)
diagram for C8 with respect to pressure and temperature. The temperature and pressure ranges
shall be representative of exhaust gas conditions before and after control equipment. Estimates

of C8's critical properties shall be provided along with measured ranges of phase transition
termperatures.

O
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e. In lieu of a binary phase (T-x-y) diagram representing the vapor-liquid
equilibrium between water and C8, the solubility and Krafft Point of C8 in aqueous solutions,
measured pK value for C8 dissociation in aqueous solutions, and measurements of C8
concentrations or related acids observed when tested in a head space GC at various
concentrations, temperatures, and pHs representative of the ranges observed during actual
operating conditions. Furthermore a discussion regarding the volatility of C8 in aqueous
solutions as a function of pH will be provided. The information in this paragraph shall be
submitted to the DAQ within 60 days of the Effective Date.

f. Henry’s law coefficient for C8 and a discussion of its dependence on pH.
The coefficient shall be defined at various temperatures covering the range observed during
actual operations.

g. Any carbon adsorption data in the form of isotherms for C8 adsorption.

DAQ will provide DuPont an opportunity to comment on modeling methodology and ‘
assumptions prior to finalizing the modeling results.

2. Any expenses incurred as a result of accurately supplying the information
requested above shall be covered by DuPont.

3. Upon submission of the information required by this Subsection VIL.D, DAQ
reserves the right to disapprove any data if the analytical methodology or quality control
. procedures are deemed inappropriate.

VIII. REIMBURSEMENT OF COSTS.

1. DuPont agrees to establish an escrow account to fund Reimbursable Costs under
this Consent Order. Expenditures from this account shall be made upon joint approval by a duly
designated representative of the WVDEP and of DuPont (“designated representatives”). Written
notice of such designation shall be sent to the persons identified pursuant to'Section X VI of this
Consent Order. Prior to the execution of this Consent Order, WVDEP has provided DuPont with
an estimate of Reimbursable Costs that WVDEP expects to incur under this Consent Order.

2. Within 10 business days of the Effective Date, DuPont shall deposit in the escrow
account funds in the amount of fifty thousand dollars ($50,000). Each expenditure from the
escrow account must be supported by an itemized accounting, including invoices and receipts.
Said escrow account shall be replenished with additional funds whenever the balance is less than
ten thousand dollars ($10,000), or as agreed to by the designated representatives. Any
unexpended amount remaining in the escrow account at the conclusion of the work to be
performed under this Consent Order shall be returned to DuPont.

3. DuPont’s obligation to pay Reimbursable Costs under this Consent Order shall
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not exceed two hundred and fifty thousand dollars ($250,000). Except as to Reimbursable Costs
which are addressed separately in this section, all other costs incurred by DuPont in carrying out
“its obligations under Consent Order shall be the sole responsibility and obligation of DuPont.

IX. QUALITY ASSURANCE/QUALITY CONTROL.

All sampling and analyses performed pursuant to this Consent Order shall conform to EPA
guidance regarding quality assurance/quality control, data validation, and chain of custody

procedures. The laboratory performing the analyses shall be approved by the Parties prior to
sampling.

X. C8 REDUCTION PROGRAM.

1. Notwithstanding current permitted emission levels, DuPont agrees to limit
overall C8 emissions to the air to no more than actual calendar year 2000 levels on a calendar
year basis and shall further provide to the WVDEP monthly emissions reports regarding C8.
The reporting requirement contained herein shall be modified to quarterly reports upon the
issuance of a Screening Level derived following the procedures set out in Attachment C.

2. DuPont agrees to reduce emissions to the air and discharges to the water of C8
collectively by 50% from actual 1999 levels by December 31, 2003.

3. DuPont shall operate and maintain the filter and carbon bed treatment
system at its Washington Works facility with the goal of achieving 90-95% C8 removal -
efficiency in its major C8-containing wastewater stream.

4. DuPont shall conduct the following construction projects and abide by the specified
dates:

a. DuPont shall install an imprbved scrubber filter to replace recovery device
T61ZC on permit R13-815D. Construction shall begin no later than February 28, 2002. Initial

operation shall begin no later than the date of start up after the April shutdown, or June 28, 2002,
whichever is earlier.

b. DuPont shall modify the stack for emission point T6IZCE so that the
emission point elevation is 170 feet above grade. The stack diameter, velocity, and flow rate shall
be sized to provide effective dispersion of particulate emissions according to 45 Code of State
Rules, Series 20 (Good Engineering Practice as Applicable to Stack Heights). Construction shall
begin no later than February 28, 2002. Initial operation shall begin no later than the date of start
up after the April shutdown, or June 28, 2002, whichever is earlier. At times when device T61ZC
is not operating, permitted emissions from scrubber T6IFC shall be emitted to emission point

11
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T61ZCE.

5. DuPont shall conduct a scrubber optimization and recovery improvement program
that shall consist of a study of scrubber operation for device C2DWC2 on permit R13-614A. The
study shall be complete by the end of March 2002. Provided the results are encouraging, the
company shall implement identified improvements for this device and similar improvements for
units C2DTC2 on permit R13-614A, C2EHC2 on permit R13-1953, and C1FSC2 on proposed
permit for R13-2365A. Implementation of the improvements for the latter devices will be
complete no later than the end of November 2002.

X1. COMPLIANCE WITH SCREENING LEVELS.

1. The following requlrements shall apply only if the procedures set out in Attachment
C have been followed:

a. No later than 60 days after receipt of notification from the Agencies that data
or information developed pursuant to this Consent Order or other information that is recent and '
valid demonstrates that DuPont's operations have resulted in C8 exposures above the Screening
Levels derived following the procedures set out in Attachment C, DuPont shall submit a plan for
review and approval by the Agencies that is designed to reduce such exposures to levels below the
Screening Levels within a reasonable time (the "Remedial Plan" or “the Plan™).

b. Within 30 days of receipt of the Remedial Plan submitted by DuPont, the
WYVDERP shall, upon consultation with the WVDHHR-BPH and based upon accuracy, quality, and
completeness, either approve or disapprove the Plan. If the WVDEP disapproves the Remedial
Plan, the WVDEDP shall notify DuPont in writing that the'Remedial Plan has been disapproved
and shall specify the reasons for such disapproval. DuPont shall resubmit the Remedial Plan as
revised to address the deficiencies identified in the notice. DuPont’s failure to submit an
approvable Remedial Plan shall be deemed a violation of this Consent Order.

2. In the event EPA or the WVDEP develops and finalizes a reference dose/screening
level for C8 in accordance with applicable statutory and regulatory requirements ("the Regulatory
EPA Standard”) that would be applicable to Dupont’s activities or the Facilities independent of this
Consent Order, DuPont's obligations under this Section shall be determined with reference to the
Regulatory EPA Standard. DuPont reserves all rights it may have to comment upon, object to, or
appeal the Regulatory EPA Standard in proceedings separate and apart from this Consent Order.

XII. COMPLETION OF CONSENT ORDER.

1. -Except as to DuPont’s obligations under Section XI, this Consent Order and
DuPont’s obligations hereunder shall terminate upon issuance of a completion letter(s) from the
Secretary of the WVDEP or his designee and from the Commissioner of the WVDHHR-BPH to

12
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DuPont. In a timely manner following receipt of a written request from DuPont the respective
Agencies shall issue the completion letter(s) to DuPont or shall issue a letter to DuPont detailing
the obligations and work that have not been completed in accordance with this Consent Order. The

Parties agree that the Agencies’ obligation to issue this letter shall be deemed a non-discretionary
duty.

2. DuPont’s obligation to achieve and maintain compliance with the Screening Levels
as provided in Section XI of this Consent Order shall survive the termination of this Consent

Order. Such obligation shall terminate only as provided in Section XI or upon agreement of the
Parties.

XIII. ADDITIONAL ACTIONS.

The Agencies, individually or collectively, pursuant to their statutory duty and authority,
may determine that additional action, beyond the tasks set forth in this Consent Order, is necessary
to protect human health and/or the environment. Nothing in this Consent Order shall be construed
as restraining or preventing the Agencies from taking such actions. Nothing in this Consent Order
constitutes a satisfaction of or release from any claim or cause of action against DuPont for any
liability it may have pursuant to the federal Clean Water Act, the federal Clean Air Act, the federal
. Safe Drinking Water Act, the West Virginia Groundwater Protection Act, the West Virginia Air
Pollution Control Act, other statutes applicable to this matter, or West Virginia common law.
Nothing in this Consent Order in any way constitutes a modification or waiver of statutory

requirements of DuPont and nothing in this Consent Order shall obligate DuPont to undertake any
actions not specified herein. '

XIV. ENFORCEMENT.

Enforcement of this Consent Order may be had by the filing of a civil action by any of the
Agencies in the Circuit Court of Wood County, West Virginia. Violation of the terms and
conditions of this Consent Order by DuPont is a violation of the West Virginia Code and may
result in enforcement action being taken, including a request for civil penalties as set forth by law.

DuPont shall not be liable for violations of this Consent Order due to any “Force Majeure”
condition.

XV. CONTENTS OF CONSENT ORDER/MODIFICATION.
The entirety of this Consent Order consists of the terms and conditions set forth herein and
in any attachments or exhibits referenced herein. Modification of the terms-and conditions of this
Consent Order including any modification of timeframes or deadlines established in this Consent

Order shall be made only by agreement of the Parties in writing, except that modifications to any
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requirement set out in the attachments to this Consent Order may be made upon consensus of the
members of the GIST or the CAT Team, as appropriate.

XVI. ADDRESSES FOR ALL CORRESPONDENCE

All documents, including reports, approvals, notifications, disapprovals, and other
correspondence, to be submitted under this Consent Order shall be sent by certified mail, return
receipt requested, hand delivery, overnight mail or by courier service to the following addresses
or to such addresses DuPont or WVDEP may designate in writing.

Documents to be submitted to WVDEP should be sent to:

WYV Department of Environmental Protection
1356 Hansford Street
Charleston, West Virginia 25301

Attention: Armando Benincasa, Esq.
Attention: Dee Ann Staats, Ph.D.
Phone No.: (304) 558-2508

Documents to be submitted to WVDHHR-BPH should be sent to:
WYV Department of Health and Human Resources

Bureau for Public Health

815 Quarrier Street, Suite 418

Charleston, West Virginia 25301

Attention: William Toomey, Manager of Source Water Assessment Program
‘Phone No.: (304) 558-2981

* Documents to be subn;nitted to DuPont should be sent to:
E. I du Pont de Nemours and Company
Washington Works
P.O. Box 1217
Parkersburg, West Virginia 26102

Attention: Paul Bossert
Phone No.: (304) 863-4305

and
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E. I. du Pont de Nemours and Company
Legal Department, Suite D-71

1007 Market Street

Wilmington, Delaware 19898

Attention: Bernard J. Reilly, Esq.
Phone No.: (302) 774-5445

XVII. AUTHORIZED SIGNATORIES/NON-ADMISSION.

The undersigned representatives state that they have had full and fair opportunity to
review this Consent Order and have had opportunity to allow for their counsel to do the same,
and therefore enter this Consent Order freely and with full knowledge of its terms and conditions.

The undersigned do hereby confirm that they have the authority to enter into this Consent
Order and have the authority to bind their respective party.

Neither the terms of this Consent Order, nor execution thereof shall constitute an
admission by DuPont of any fact or of any legal liability. DuPont expressly reserves all rights
and defenses that may be available in any proceeding involving third parties or involving
WVDEP and WVDHHR-BPH in any other matter.

This Consent Order may be signed in counterparts and shall be effective upon signature
of all the Parties below (“Effective Date”).

Entered this / 2 ' ?iday of M@om, by:

WEST VIRGINIA DEPARTMENT OF ENVIRONMENTAL PROTECTION

WILLIAM }1’ ADAMS, DEPUTY SECRETARY
West Virgihia Department of Environmental Protection

1356 Hansford Street
Charleston, West Virginia 25301

Entered this /S/day'of éW"‘/"/,ZOOI.,by:
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WEST VIRGINIA DIVISION OF HEALTH AND HUMAN RESOURCES - BUREAU FOR
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Attachment A
C8 GROUNDWATER INVESTIGATION STEERING TEAM

A team of scientists shall be assembled to assess the presence and extent of C8 in
drinking water, groundwater and surface water at and around the DuPont Washington
Works facility, and the Local, Letart, and Dry Run Landfills. ‘The Groundwater
Investigation Steering Team (GIST) shall include scientists from WVDEP, WVDHHR-
BPH, EPA Region III, and DuPont. DuPont shall fund the GIST via an escrow account
as provided in Section VIII of the attached Consent Order (“the Consent Order”).

Disbursements from this account shall be authorized jointly by the WVDEP GIST leader,
and the DuPont representative, Andrew S. Hartten. '

A schedule summarizing key GIST tasks, submittals, start and end dates is provided at
the end of this document.

GIST Member Organizations/Representatives/General Functions

WVDEP

David Watkins ~Groundwater Protection- GIST team leader; escrow funds ,
disbursement oversight; project management and coordination

George Dasher-advisor and technical review

Dee Ann Staats, Ph.D.-advisor

EPA Region III

Garth Connor-science advisor
Jack C. Hwang — Hydrogeologist
Roger Rheinhart-Environmental Engineer

DuPont
Aﬁdrew Hartten-Principal Project Leader/Hydrogeologist-technical review,

project management and coordination of field investigation activities; escrow
funds disbursement oversight.

"WVDHHR-BPH

William Toomey-Manager, Source Water Assessment Program- Bureau for
Public Health advisor
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GIST Team Objectives and Efforts

The primary objective of the GIST is to efficiently review and direct groundwater
and surface water monitoring and investigation activities as prescribed in the Consent
Order and in this Attachment. The GIST will utilize a phased approach and employ rapid
team decision making toward meeting the requirements in an efficient and timely

manner. Unless otherwise directed by the GIST, the tasks outlined below shall be
performed by DuPont or its representatives.

The GIST will issue a final report(s) with findings and conclusions regarding
groundwater quallty in and around the Facilities, and the extent of groundwater
contamination in and around the Facilities. The GIST final report shall further make
recommendations regarding the need for any further work or actions that need to be taken
to assure protection of groundwater quality and human health into the future.

The tasks set forth below and in the Consent Order are the minimum tasks to be
‘performed by DuPont and the GIST pursuant to the Consent Order. Additional tasks may
be necessary to assure the goals [full groundwater assessment and C8 impact, plume
identification, and receptor identification] of the GIST and the Consent Order are met.
Those tasks shall be agreed upon by the GIST.

Key Tasks of GIST

Task A: Groundwater Use and Well Survey/Groundwater Monitoring

e Objectives: Conduct a distance-phased groundwater well and water use survey within
a 1-mile (and possibly 2 and 3-mile) radial distance or directionally focused distance
of the Washington Works and Local, Letart, and Dry Run Landfills.'

¢ Summary: The phased approach to the water and groundwater well use survey will
allow the GIST to focus efforts along established C8 impact transport. pathways and
cease activities in directions where impacts are not present or where there are
minimal concentrations. Data results tables will be generated in a timely manner to
allow the GIST to meet, evaluate the data, and determine the next course of action.
The GIST will determine when the final groundwater well use survey shall be
released. :

DuPont agrees to perform, under the supervision of the GIST and through
an agreed-to third party, a groundwater use and well survey identifying and sampling
all groundwater wells within a 1-mile radius of the three landfills set forth above and
the Washington Works facility. The phased approach may-be amended by the GIST
should field conditions require, e.g., lack of sampling wells in the 1-mile radius, lack
of quality sampling points within the 1-mile radius. _

Sampling shall be performed with the specific purpose of finding and
measuring the C8 concentration in water. Should concentrations of C8 found in
groundwater.wells exceed 1 pg/1 within the 1-mile radius, the GIST will determine

i The water use survey should be in substantially the same format as Attachment B,
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whether to expand the well survey to a 2-mile radius, a 3-mile radius, or in a specific
direction only. Drinking water wells that measure above 1 pg/l shall be re-sampled at
_a frequency to be determined by the GIST. )

Note: The level of 1 ug/l is utilized in this Consent Order for monitoring
purposes only and not as a benchmark for determining risk and this level may be
adjusted as determined the GIST in furtherance of the tasks and objectives set forth in
this Attachment.

e Timing: The initial well survey within a 1-mile radius of the Facilities will be
conducted within 60 days of the Consent Order’s Effective Date. Additional well
survey activities will be conducted on a schedule to be determined by the GIST.

Task B: Assessment of Existing Groundwater and Surface Water Monitoring Data

e Objectives: Develop and implement a monitoring plan that determines the presence
and extent of C8 in drinking water, groundwater, and surface water in and around the
Washington Works facility and Local, Letart, and Dry Run Landfills and provide a
compilation of all available groundwater/surface water monitoring and hydrogeologic

- characterization data for each facility, as reflected in Table A-1.

o Summary: The GIST will be tasked with an expedited evaluation of existing historical
data and hydrogeologic information in order to prioritize the initial scope of work for
continuing groundwater monitoring and any additional investigation activities (e.g.,
monitoring well installations) required under plume identification. DuPont shall
provide all historical data and hydrogeologic information it may have related to the -
Facilities. 3

e Timing: Within 30 days of the completion of Task A, the GIST will review all the C8
analytical and facility hydrogeologic information to determine the scope of work for
groundwater monitoring and additional investigation. The GIST will then establish a
schedule for those activities. It is anticipated that a summary of all historical

information for each facility will be submitted to GIST within 60 days of the Consent
Order’s effective date.

Task C: Plume Identification/Groundwater Assessment

¢ Objective: Determine the vertical and horizontal extent of any and all C8 impacted
groundwater exceeding 1 ug/l or as directed by the GIST, which may determine a
lower threshold than 1 ug/l. This task shall also include an assessment of C8
impacted groundwater at Letart Landfill and its impact on the Ohio River and public
water supplies along the river.

e Summary: The GIST shall first review historical data and results of Task A to
determine an appropriate scope of work. Activities should be prioritized to address
groundwater plumes contributing to or with the potential to flow toward off-site

receptors, with emphasis on those areas where groundwater is used as a drinking
water source. '
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Upon completion of investigation activities, DuPont shall provide the GIST with
predicted groundwater flow and contaminant transport models to assess future plume
migration.

e Timing: Upon review of all available information and on a schedule to be determined
by the GIST, the GIST will complete an initial evaluation of data to determine and
prioritize plume identification.

The timing of the initial phase of plume identification/investigation activities and
other activities will be on a schedule established by the GIST. Further investigatory
activities needed and agreed to by the GIST to carry out the goals of the GIST shall
be performed by DuPont on a schedule established by the GIST.

Modeling . .
Any and all modeling performed pursuant to this attachment and the Consent Order

shall use Groundwater Modeling System, or some other model as approved by the
GIST. :
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TABLE A-1

COD’IPILATION OF HISTORICAL DATA AND MONITORING PLAN

a. Dependent upon the
availability of certain
" information, an
. historical data summary
documented in a report
that includes:

A location map.

A site map showing the location of all known groundwater
monitoring wells, residential groundwater wells and public
water supply within a 1-mile radius the Facilities.
Top-of-groundwater maps. These should span the entire
sampling life of the site and should be no less than yearly
If DuPont has only one year’s worth of data for a given site,
then these maps should be for each quarter; if DuPont has
several years worth of data for each site, then these maps

_ can be annual.

C8 concentration contour maps. These should span the
entire sampling life of the site ahd should be no less than
yearly. If DuPont has only one year’s worth of data for a
given site, then these maps should be for each quarter; if
DuPont has several years worth of data for each site, then
these maps can be annual.

All the C8 groundwater data that has been collected to date.
These data should be submitted in easy-to-read tables.
These tables should use the method, “<x”, to designate all
concentrations below the laboratory’s minimum detection
limit (not “ND” or some other abbreviation), and they
should use “mg/” or “pg/” as the unit designation. -

If unable to provide the above data, DuPont shall document
the reasons why it is unable to gather and submit the
information.

b. A groundwater
monitoring plan for the
Facilities which should
address, at a minimum:

C8 sampling. The samples should be taken from all the
wells at the three landfill sites and from a select number of
wells at the Washington Works plant. These select wells
are to be chosen by the GIST before the groundwater
monitoring program begins based on evaluation of historical
data/information. The frequency of sampling shall be
monthly for the first four months following the Effective
Date and quarterly thereafter. Any new wells required for
monitoring or plume identification purposes will be -
integrated in each site’s groundwater monitoring program
on a schedule agreed to by the GIST.
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e Report of Results. Reporting should be quarterly and to the
.WVDEP Groundwater Program at the following address.

WVDEP Division of Water Resources
Groundwater Program
1201 Greenbrier Street
Charleston, West Virginia 25311
Re:  DuPont/C8 monitoring.
e Each report should include the following:

(a) A site location map.

(b) A site map showing the groundwater monitoring
well locations.

(c) A top-of-groundwater m:ap.

(d) A C8 concentration map.

(e) Groundwater elevation and well screen data.

(f) A table of all the historical C8 sampling data. Note:
where available information allows, abbreviations should not be
used to designate No Detect concentrations and the units “ppb”
and “ppm” should not be used.

(g) Laboratory analysis sheets.

(h) Chain of custody records.
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Name:

! Address:

~ Attach mgnt B

GROUNDWATER WELL USE SURVEY

Phone:

Best Time to Contact Owner:

1. Do you have one or more water well(s) on this property? (It need not be in use currently.)
If no, stop now and returnsurvey. Yes ____ No )
County Water Well Permit No.
2% Is the well(s) currently (circle one) used unused or filled in?
3. Is the \.rvell(s) used for drinking water? Yes _____ No
4. Is this well(s) used for other purposes? If yes, please specify uses below:
5. What is the approximate frequency of use? .Circle One:
Daily Weekly Monthly Summer
6. Date last used?
7. Is there a pump in the well?  Yes ___ No
8. Is there a conditioner, softener, chlorinator,-ﬁl'tér, or other form of treatment for the
system? . Yes ~ No :

If so, what is the form of treatment?

EPA 01415
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9 Is there any faucet where water does not first pass through the treatment system?
- Yes No

If yes, is it (circle one) inside or outside?
10.  What year was. the well constructed?
11.  Please provide the following information regarding the weli(s) if known: (circle one)
A. Total Depth (feet below ground surface):
30-60 60-90 90-120 120 or more
B. Casiné Type:

PVC steel stone none other

C. Well Construction:

dug drilled open or uncased bedrock

D. Screened Interval (length in feet):

0-10 10-20 20-30° 30-60 60 or more

E. Well Diameter (inches):

0-6 - 6-12 12-24 24 or more
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Attachment C

C8 ASSESSMENT OF TOXICITY TEAM

A team of scientists shall be assembled to assess the toxicity and risk to human
health and the environment associated with exposure to ammonium perfluorooctanoate
(C8) releases from DuPont’s activities. The C8 Assessment of Toxicity Team (CAT
Team) shall include scientists from academia, government, non-profit organizations, and
industry. The CAT Team also shall include the WVDEP Environmental Advocate, Pam
Nixon, as a representative of West Virginia’s citizens.

The WVDERP, utilizing funds from an escrow account funded by DuPont, shall
contract with a non-profit organization, the National Institute for Chemical Studies
(NICS), for the services described herein. Point of contact for the NICS shall be Jan
Taylor, Ph.D. The NICS shall subcontract with Marshall University’s Center for Rural
and Environmental Health for services in risk communication provided by James Becker,
M.D. and his staff. Dr. Becker shall familiarize himself with the toxicity of C8, the work
performed by TERA as described herein, and attend public meetings to provide expertise
in risk communication. The NICS shall subcontract with the non-profit scientific
organization, Toxicology Excellence for Risk Assessment (TERA) whose point of
contact is Joan Dollarhide, Ph.D. The TERA shall provide services in toxicology and
risk assessment. Work assignments, tasks, and deliverables are described below.

CAT Team Member Organizations/ Representatives'/ General Functions

WVDEP
Dee Ann Staats, Ph.D. - Science Advisor - team leader; escrow funds
disbursement oversight; project management and coordination;
toxicology/risk assessment and communication;

Pam Nixon - Environmental Advocate - advisor;

- NICS
Jan Taylor, Ph.D. —contractor administrative oversight;

James Becker, M.D. (Marshall University) - consultant in risk communication;

TERA (point of contact: Joan Dollarhide, Ph.D.)- consultant in toxicology/risk
assessment; )

' The parties may, in their discretion, elect to substitute their representatives with persons of similar
qualifications.

EPA 01417
C-1



DuPont

Gerald Kennedy, Director of Applied Toxicology and Health, Haskell Laboratory
- reviewer toxicology; escrow funds disbursement oversight;

John Whysner, M.D. — toxicology/risk assessment and communications;
Paul Bossert — Washington Works Plant Manager — communications;
The following members of the CAT Team shall act as reviewers or advisors.

WY Department of Health and Human Resources — Bureau for Public Health
(WVDHHR-BPH)

William Toomey — Manager, Source Water Assessment Program - advisor;
Barbara Taylor — Director, Office of Environmental Health Services - advisor;
Local representative - advisor;

Environmental Protection Agency (EPA)

Headquarters - Jennifer Seed — reviewer and advisor toxicology;
Region III Philadelphia -
Samuel Rotenberg, Ph.D. - reviewer and advisor toxicology/ risk
assessment;
Garth Connor — advisor hydrogeology;
Roger Reinhart — reviewer and advisor Safe Drinking Water Act;
Cincinnati - John Cicmanec, DVM - reviewer and advisor toxicology;

Agency for Toxic Substances and Disease Registry (ATSDR)
Atlanta - John Wheeler, Ph.D. - reviewer and advisor in toxicology/ risk
assessment;
Philadelphia - Lora Wemner - coordinator for ATSDR;

" Non-CAT Team Efforts

Other efforts are currently underway which may produce information for the CAT
Team to utilize. The CAT Team will coordinate and communicate closely with these
other efforts. These include:

1. Dupont’s air modeling of C8 emissions from the Washington Works plant;

2. WVDEP’s air modeling of C8 emissions from the Washington Works plant;

EPA 01418



First Public Meeting, CAT Team members shall familiarize themselves with the available
toxicological information ¢oncerning C8.

A CAT Team meeting shall be held immediately prior to the first public meetmg
" to: (1) conduct a site visit to the three landfills and the Washington Works Plant, and
surrounding residential areas; (2) discuss the toxicity of C8 and other pertinent data; (3)
prepare an agenda for the public meeting; (4) coordinate and prepare for the public
meeting. Finally, the First Public Meeting will be held and public questions and
comments will be recorded by WVDEP.

TABLE 1. TASKS OF CAT TEAM

Task A: Public Meetings (two meetings are anticipated)

Objective: to inform the local citizens of the following: (in Meeting #1) intent to perform
a groundwater well use survey and analysis for C8; intent to develop Screening Levels;
and to ask for their coaperation in conducting the water use survey; and (in Meeting #2)
results of survey, chemical analy51s and risk assessment. Note that an interim public
meeting may be required should six months pass from the first public meetmg and the
CAT Team Final Report has not been issued.

Primary Responsibility: Staats

Task B: Development of Provisional Reference Doses

Objective: to deévelop Provisional References Doses for C8 for the inhalation and
ingestion (and dermal, if possible) routes of exposure.

Primary Responsibility: TERA

Task C: Development of Screening Levels Based on Protection of Human Health
Objective: to utilize the Provisional Reference Doses to develop human health risk-based
Screening Levels for C8 in air, water, and soil. Note a determination of the potential
carcinogenicity of C8 will be conducted as well.

Primary Responsibility: TERA

Task D: Ecological Data Review :
Objective: to review available information to determine whether sufficient studies have

been performed and data have been collected to develop screening criteria for ecological
receptors.

Primary Responsibility: TERA

Task E: Draft Report and Final Report
Objective: to present and discuss the results of the above tasks.

Primary Responsibility: TERA

Phase Il Tasks B, C. D, and E Development of Provisional Reference Doses and
Screening Levels, and Risk Assessment

In Phase II, TERA shall conduct the toxicological and risk assessment activities.
After having reviewed the toxicological information regarding C8 provided by WVDEP,
TERA shall consult with toxicologists on the CAT Team, as coordinated by Dr. Staats,
regarding its proposed approach for this project. Following such consultation, TERA

EPA 01420
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3. USEPA Draft Hazard Assessment which summarizes the available toxicity information
regardmg C8, to the extent completed prior to the assessment contemplated herein;

4. ATSDR’s Health Consultation that estimates the risk to the community associated
with C8 in drinking water from the Lubeck Public Service District, to the extent
completed prior to the assessment contemplated herein.

- 5. Existing C8 concentrations in Lubeck Public Service District data.

6. Groundwater C8 Analysis (see GIST activities described in Attachment A) and Well

Use Survey (see example survey in Attachment B) at the residences in the area of the 3
landfills and the Washington Works Plant.

Tasks of CAT Team

The tasks to be performed by the CAT Team are described briefly in Table 1, and
in more detail below. These tasks are discussed below within the context of a Scope of
Work for both Dr. Becker and for TERA as well. '

Tasks of the CAT Team shall be organized into three phases.. Phase I includes
those tasks necessary to prepare for and hold the first public meeting. In Phase II, TERA
shall conduct such scientific tasks as: reviewing available toxicity and epidemiological
studies; developing Provisional Reference Doses and Screening Levels for protection of
human health; evaluating existing information relative to ecological health; and
conducting one general risk assessment involving comparisons of exposure
concentrations to Screening Levels, for the three landfills and the Washington Works
Plant, and the Lubeck Public Service District. TERA shall prepare a report on their
findings. Phase III includes those tasks necessary to prepare for and hold the second

public meeting. The results of the C8 groundwater analysis and risk assessment shall be
presented in the second public meeting.

No communication between Dupont representatives and NICS, Dr. Becker, or
TERA shall be permitted without the participation of Dr. Staats. All information will be
provided to Dr. Becker and TERA by WVDEDP; thus, all information contributed to the

effort by Dupont shall be sent in triplicate to Dr. Staats for forwarding to Dr. Becker and
TERA.

Phase I TASK A-1: First Public Meeting

Two public meetings are anticipated for this project. The First Public Meeting
shall occur in Phase I for the purposes of introducing the CAT Team and other involved
parties to the public; relating historical information on previous conceritrations of C8 in
* Lubeck Public Service District water supply; informing the citizens of the ensuing
activities; and inviting the public to participate by cooperating with sampling and survey
efforts in the Groundwater C8 Analysis and Wel! Use Survey. In order to prepare for the

EPA 01419
C-3



shall develop Provisional Reference Doses for C8 for the oral, inhalation, and dermal (if
possible) routes of exposure. Then TERA shall calculate Screening Levels for water, soil
and air based on the risk factors they have estimated. TERA shall perform one general
risk assessment involving comparison of exposure concentrations to Screening Levels for
the three landfills and the Washington Works Plant, and the Lubeck Public Service
District water supply, that focuses on current risk to human health, including workers and
residents. This risk assessment shall include: (1) identification of reasonably anticipated
land use, surface water and groundwater use; (2) identification of receptors; (3)
identification of exposure pathways; (4) identification of exposure concentrations; and (5)
comparison of exposure concentrations to appropriate Screening Levels. TERA shall
utilize data obtained from the other efforts discussed above such as air modeling;
groundwater C8 concentrations in residential and public wells; residential groundwater
well use survey; the USEPA’s Draft Hazard Assessment; and ATSDR’s Health
Consultation (if available). TERA also shall review available information to determine
whether sufficient studies have been performed and data have been collected to develop
screening criteria for protection of ecological health, particularly aquatic life. TERA
shall prepare a draft and a final document that discusses the results of their efforts and
summarizes the data utilized from other efforts. As the tasks of the CAT Team and other °
involved parties’ progress, data gaps and research recommendations may become

evident. These shall be included in TERA’s report as suggestions for further research to
elucidate the toxicity of C8.

Phase JII Second Public Meeting

The purpose of the Second Public Meeting is to present to the citizenry the results
of the efforts of the GIST and CAT Teams including C8 concentrations in groundwater
from residential wells and public wells the screening levels and the general risk
assessment. Air modeling results of the efforts of WVDEP and Dupont will be discussed
also. The WVDEP will address any further actions that may be necessary.

EPA 01421
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SCOPE OF WORK FOR
JAMES BECKER, M.D.

Dr. Becker is a medical doctor specializing in environmental health at the _
Marshall University School of Medicine Center for Rural and Environmental Health. He
will be assisting the WVDEP in his specialty area of risk communication at the two

anticipated public meetings. The specific tasks assigned to Dr. Becker are described
below. '

Phase I Task A-1: First Public Meeting

Dr Becker will assist in preparation for the first public meeting, and attend the
meeting providing expertise in risk communication . He will familiarize himself with the
available toxicological data, which will be provided to him by WVDEP, with-particular
emphasis on the epidemiological studies. Note that the toxicological data already has
been summarized in the Draft Hazard Assessment prepared by USEPA. No literature
search or document retrieval will be required. Specific subtasks réquired in Phase I to
prepare for the first public meeting are described below-

Subtask 1 — Familiarization with toxicological data provided by WVDEP
including but not limited to:

a. 8 compact discs of information provided to USEPA under TSCA by 3M Corp
(note only a small portion of this information concerns C8);

b. Draft Hazard Assessment document from USEPA;

c. ACGIH Threshold Limit Value (TLV). _

d. Journal articles and other information provided by WVDEP.

Subtask 2 —Attend a meeting prior to the first public meeting to:

a. conduct a site visit of the 3 landfills and the Washington Works Plant, and
local residential areas;

b. discuss and prepare an agenda;

c. discuss the toxicology and risks associated with C8 with the other CAT Team
members.

Subtask 3 — Attend First Public Meeting
Phase III Task A-2 Second Public Meeting

Dr Becker will assist in preparation for the second pilb]ic meeting, and attend the
meeting providing expertise in risk communication. The following subtasks will be
required:

Subtask 1 — Familiarization with the toxicological and risk assessment report
" prepared by TERA;

EPA 01422
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Subtask 2 — Attend a meeting prior to the second public meeting to:
a. discuss the toxicology and risks associated with C8 with the other
CAT Team members; :
b. discuss and prepare an agenda.

Subtask 3 — Attend Second Public Meeting
Note that the second public meeting is assumed to be the final public meeting; however,

results of data collection may warrant additional public meetings and an expansion of the
Scope of Work.

EPA 01423
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SCOPE OF WORK FOR TERA

‘TERA (Toxicology Excellence for Risk Assessment) is a non-profit organization
that applies sound toxicological data to the risk assessment process to find common
ground between environmental, industry, and government groups. TERA will be
providing services in toxicology and risk assessment. TERA scientists will be
developing,risk factors and screening criteria; and conducting one general risk
assessment for the 3 landfills, Lubeck Public Service District water supply and the
Washington Works Plant. The specific tasks assigned to TERA are described below.

Phase II Tasks B, C, D, and E: Development of Provisional Reference Doses and
Screening Levels, and General Assessment of Risk

Subtask 1 — TERA staff will familiarize themselves with the toxicological data
provided to by WVDEP. No literature search or document retrieval will be required.
Toxicological data to be provided to TERA shall include but is not limited to the
following:

a. 8 compact discs of information provided to USEPA under TSCA by
3M Corp (note only a small pottion of this information concerns C8);

b. USEPA Draft Hazard Assessment for C8;

. Joumal articles and other information submitted to WVDEP by
DuPont.

Subtask 2 — TERA staff will:

a. identify all possible critical toxicological studies suitable for
developing Reference Doses for the oral, inhalation, and dermal (if
possible) routes of exposure;

b. outline methodology for developing said Reference Doses and for
developing Screening Levels for air, water, and soil based on said
Reference Doses corresponding to each critical study identified in
subtask 2-a;

c. convene a meeting at the TERA facility in Cincinnati, Ohio, to present
their findings in subtask 2-a and 2-b, and consult with CAT Team
toxicologists as coordinated by Dr. Staats;

d. finalize Reference Doses and Screening Levels based on
recommendations of the CAT Team toxicologists as coordinated by
Dr. Staats.

Subtask 3 - TERA shall conduct one general risk assessment for the three
landfills and Washington Works Plant, and the Lubeck Public Service District water
supply based on current risk to human health. This risk assessment shall include:

" a) identification of reasonably anticipated land use, surface water and
groundwater uses;

EPA 01424
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b) identification of receptors;
c) identification of exposure pathways;
d) identification of exposure concentrations;

e€) comparison of exposure concentrations to appropriate Screening
Levels;

TERA shall utilize the following data in the risk assessment process:

2
b)
c)

d)-

€)
f

air modeling data from DuPont;
air modeling data from WVDEP;
water use data from the Well Use Survey;

groupdwater data from the Groundwater Well Analysis of C8 for residential
wells;

drinking water data from Lubeck Public Service District wells;
any available ATSDR Health Consultation that assesses potential health
effects from exposure to C8 in public supply drinking water.

Subtask 4 ~ TERA shall review the ecological data and determine whether there is

sufficient information to support the development of a C8 Screening Level for protection
of ecological health

Subtask 5 — TERA shall compile and discuss the results of the above tasks into a

comprehensive report (draft and final versions), which also refers to and provides a brief
summary of the following:

a)
b)
c)

e)

USEPA'’s Draft Hazard Assessment of C8;

DuPont’s air modeling data;

WVDEP’s air modeling data;

groundwater data from the Groundwater C8 Analysis and Well Use Survey of
Local Residents, and Lubeck Public Service District;

ATSDR Health Consultation that assesses potential health effects from
exposure to C8 in public supply drinking water, if available.

Additionally, TERA shall include in the report any insights or reccommendations
for future research gleaned during this process that would further elucidate the toxicity of
C8. Also, TERA shall provide in the report of a summary discussion of the relevance the
carcinogenicity of C8 in rats to humans.

EPA 01425
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Anal. Chem. 2001, 73, 2200-2206

Determination of Perfluorinated Surfactants in
Surface Water Samples by Two Independent
Analytical Techniques: Liquid Chromatography/
Tandem Mass Spectrometry and "°F NMR

Cheryl A. Moody,' Wai Chi Kwan,' Jonathan W. Martin,* Derek C. G. Muir,5 and Scott A. Mabury*

Department of Chemistry, 80 St. George Street, University of Toronto, Toronto, Ontario, Canada M5S 3H6, Department of
Environmental Biology, University of Guelph, Guelph, Ontario, Canada N1G 2W1, National Water Research Institute,
Environment Canada, 867 Lakeshore Road, Burlington, Ontario, Canada L7R 4A6

Perfluorinated surfactants are an important class of
specialty chemicals that have received recent attention as
a result of their persistence in the environment. Two
analytical methods for the determination of perfluorinated
surfactants in aqueous samples were developed in order
to investigate a spill of 22 000 L of fire retardant foam
containing perfluorinated surfactants into Etobicoke Creek
(Toronto, Ontario). With the first method, aliquots of
surface water (0.2—200 mL) were preconcentrated using
solid-phase extraction. Liquid chromatography/tandem
mass spectrometry was employed for identification and
quantification of each perfluorinated surfactant. Total
perfluorinated surfactant concentrations in surface water
samples ranged from 0.011 to 2270 pg/L, and per-
fluorooctanesulfonate was the predominant surfactant
observed. Interestingly, perfluorooctanoate was detected
in surface water sampled upstream of the spill. A second
method employing '°F NMR was developed for the deter-
mination of total perfluorinated surfactant concentrations
in aqueous samples (2—100 mL). By !SF NMR, the
surface water concentrations ranged from nondetect
(method detection limit, 10 gg/L for a 100-mL sample)
to 17 000 ug/L. These methods permit comprehensive
evaluation of aqueous samples for the presence of per-
fluorinated surfactants and have applicability to other
sample matrixes.

Perfluorinated surfactants are a specialty class of chemicals
employed [or a variety of applications, including lubricants, paints,
cosmetics, and [ire-fighting foams.!~? In general. perfluorinated
surfactants are classified inlo one of four categories: anionic,
cationic, nonionic, and amphoteric, with anjonic surfactants being

“ Corresponding author. Phone: (416) 978-1780. Fax: (416) 978-3596,
E-mall: smabury@chem.utoronto.ca.
' University ol Toronto.
i University of Guelph.
¢ National Water Research Institute.
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(2) Kissa, E. Fluorinated Surfactanis: Synthesis. Properties. and Applications,
Marcél Dekker: New York, 1994,
(3) Porter. M. R, Handbook of Surfactamts, 2nd cd.; Blackic Academic &
Professional: London, 1994
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the most significant class.? Perfluorooctanesulfonate (PFOS) is
an important perfluorinated surfactant as well as a precursor 1o
other perfluorinated surfactants.! Perfluoroalkanesulfonate salts
and perfluorocarboxylates are present in fire-fighting foam for-
mulations, including aqueous film forming foams (AFFFs).5% In
May 2000. the 3M Company (St. Paul, MN) announced that it
would discontinue the production of two anionic perfluorinated
surfactants, PFOS and perfluorooctanoic acid (PFOA), in part
because of the compounds’ persistence in the environment.7-'¢
The company's decision to reduce production of commercial
products was partially based upon the detection of PFOS concen-
trations (10—100 u#g/L) in blood samples from the United States,
Japan, Europe, and China®!! and biota samples.”

Historically. mineralization techniques?!2-! were used for the
determination of total organofluorine compounds in environmental
and biological samples. For example, in the 1960s, Taves'!?
reported the detection of organic fluorine compounds in human
blood. The total organofluorine technique is not specific in
multifluorinated surfactant systems. In the case of fire-fighting
foams as well as other industrial applications, several perfluori-
nated surfactants are potentially present and the use of the total
arganofluorine technique would only pravide nonspecific. semi-
quantitative information for the fluorochemicals present in the
sample. Furthermore, the total organofluorine technigue may not
be rigorous enough to quantitatively determine those perfluori-

(4) Key, B. D.: Howell, R. D.; Criddle. C. S. Envirun. Sci. Technol. 1998, 32,
2283-2287.
(5) Moody. C. A;; Field, J. A. Environ. Sci. Technol. 2000, 34, 38643870,
(6) Material Safely Data Sheet for FC-203FC Light Water Brand aqueous film
forming foam, 3M Company, London, Ontario, Canada. 1999.
(7) Weber, J. Business Week. June 5, 2000, pp 96—98.
(8) Brown. D.; Mayer, C. E. 3M 1o Pare Scoichguard Products, The Washington
Post, May 17, 2000. p Al.
(9) Tullo, A. Chem. Eng. News 2000, 59 (May 22), 9- 10.
(10) Tullo, A, Chem. Eng. News 2000, 59 (May 28), 12—13.
(11) Qlsen. G. W.: Burris, J. M.; Mandel, J. H.; Zobel, L. R. /. Occup. Environ,
Med. 1999, 11, 799—806.
(12) Sweetser, P. B. Anal. Chen. 1965, 28, 1766—1768.
(13) Kissa, E. Anal. Chem. 1983. 55, 14451448,
(14) Kissa. E. Environ. Sci. Techinol. 1986. 20, 1254—1257,
(15) Kissa, E. In Anjonic Surfactants: Analytical Chemistry, Cross. ]., Ed.; Marcel
Dekker: New York, 1998; Vol. 73.
(16) Taves, D. R. Nature 1966. 211, 192-193,
(17) Taves, D. R. Nature 1968, 217, 1050—1051
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nated surfactants, such as perfluoroatkanesulfonic and perfiuoro-
carboxylic acids, that are thermally stable.? Another nonspecific
analytical method to determine the presence of anionic perfluori-
nated surfactants in environmental matrixes is the methylene blue
active substances (MBAS) test."®19 The application of the MBAS
test to perfluorinated surfaciants in environmental matrixes is
limited. because the test does not allow for the identification of
individual anionic surfactants.’

Because most perfluorinated surfactants lack chromophores.
the compounds are not easily amendable to traditional high
performance liquid chromatography (HPLC) methodologies. Ohya
et al.% measured concentrations of perfluorinated carboxylic acids
in biological samples by HPLC using fluorescence detection, The
multiple steps of this method.? which include ion pairing and
derivatization, limit its application to environmental samples.

Derivatization techniques coupled with gas chromatography

with electron capture?'? and mass spectrometric®%232 detection
were employed for the determination of perfluorinated surfactants.
Perfluorocarboxylates were determined in groundwater by de-
rivatization to their methyl esters then gas chromatography/mass
spectrometry (GC/MS);#1824 however, derivatization techniques
in combination with GC/MS have limited utility for the detection
of perfluorinated surfactants in environmental matrixes.5 For
example, PFOS is nonvolatile, and its derivatives are unstable as
a result of the excellent leaving group properties of the per-
fluoroalkanesulfonic group.2.%

In the past, ""F NMR was employed for the determination of
perfluorinated surfactants in biological samples. In the 1970s, Guy
et al.?’ fractionated and concentrated a large volume of human
blood to isolate fluoroorganic compounds, then subsequent
analysis by 'F NMR yielded a spectrum showing strong similarity
to PFOA. Hagen et al. employed "F NMR with perfluorinated
compounds in rat serum; however, early applications of the
technique were not necessarily quantitative.”? More recently, “F
NMR methods have been applied to fluorinated acetic acids? and
pesticides for quantitative purposes. Because of the low sensitivity
of NMR techniques, preconcentration procedures may be required
for the determination of perfluorinated surfactants in environmen-
tal matrixes. Benefits of the 'SF NMR method for the determina-
tion of perfluorinated surfactants include sharp, well-resolved
peaks, specificity to fluorine. accessibility to instrumentation, and
relatively low maintenance expense. An additional benefit of 1¥F
NMR includes the lack of matrix interferences, which results in

(18) Levine, A. D.; Libelo, E. L.: Bugna, G.; Shelley, T.; Mayfield, H.; Stauffer, T.
B. Sci. Total Environ, 1997, 208, 179—195.

(19) Moody, C. A.: Hebert, G. N.; Strauss, S. H.; Field. J. A. Environ. Sci. Technol,
submirted.

(20) Ohya. T.: Kudo. N.; Suzuki, E.; Kawashima, Y. /. Chrom. B 1998. 720, 1-1.

(21) Belisle. J.; Hagen, D. F. Anal. Biochem. 1980, 101, 369—376.

(22) Hagen, D. F.; Belisle, ].; Johnson, J. D.; Venkateswarlu, P. Anal, Biochem.
1981. 118, 336-343.

(23) Henley, M.; Mayfield, H.; Shelley, T. Abstract of Papers, Pltisburgh Confer-
ence, Atlanta, GA, American Chemlcal Society: Washington. DC, 1997;
Abstract 519

(24) Moody. C. A:; Field, J. A. Environ. Sci. Technol. 1999, 33, 2800—2806.

(25) Hudlicky. M.; Pavlath. A E.: American Chemical Society: Washington. D.C.,
1995

(26) March. | Advanced Organic Chemistry, 3rd ed.; John Wiley & Sons: New
York. 1985

(27) Guy. W. 5. Taves, D. R; Brey, W. S. Am. Chem. Soc. Symp. Ser. 1976, 28,
17

(28) Ellis. 1. A: Martin, J. W.; Muir. D, C. G.: Mabury, S. A Anal. Chem. 2000,
72, 726731,

low signal-to-noise ratios: the absence of interferences is due in
part to the fact that multifluorinated compounds are not naturally
occurring.

Itis desired that new analytical methodology be routine and
robust and that it provide quantitative, structure-specific informa-
tion for perfluorinated surfactants; few such methods are reported
in the open literature. #1933 Direct loop injection negative
electrospray ionization mass spectrometry was employed for the
determination of perflucroalkanesulfonates in groundwater sampled
from fire-training areas." Olsen et al."! reported concentrations
for PFOS in blood serum by liquid chromatography/ thermospray
mass spectrometry. Recently, concentrations of PFOS, perfluoro-
hexanesulfonate (PFHxS), PFOA, and perfluorooctanesulfonyl-
amide were reported in human serum samples by ion pair
extraction coupled with liquid chromatography/tandem mass
spectrometry (LC/MS/MS).% Analytical methods that include
chromatographic separations of individual perfluorinated surfac-
tants combined with mass spectrometric detection allow for the
confirmation of each compound present in the environmental
sample.

The accidental release of a multiple perfluorinated surfactant
fire-fighting foam product into surface water highlights the need
for analytical methods to determine perfluorinated surfactants at
environmentally relevant concentrations. In this paper, we detail
(1) a liquid chromatography/tandem mass spectrometry method
for the determination of individual homologues of two classes of
anionic perfluorinated compounds in aqueous samples, (2) a “F
NMR method for the determination of total perfluorinated surf-
actant concentrations present in aqueous samples, and (3) the
application of the two developed analytical methods to surface
water samples collected after an accidental discharge of per-
fluorinated surfactants.

EXPERIMENTAL SECTION

Standards and Reagents. Standards of potassium perfluoro-
octanesulfonate (86.4%) and potassium perfluorohexanesulfonate
(99.9%) were provided by the 3M Co. Standards of perfluoro-
octanoic acid (98%) and perfluorododecanoic acid (PFDoA, 95%)
were purchased from Aldrich Chemical (Milwaukee, WI), and
perfluorohexanoic acid (PFHxA) was obtained from Oakwood
Research Chemicals (West Columbia, SC). Ammonium acetate
(98%) was purchased from Aldrich Chemical Co. The '*F NMR
Internal standard, 4'-(trifluoromethoxy)acetanalide (TFMAA).
NMR solvent methyl-d; alcohol, and the relaxation agent, chro-
mium acetylacetonate [Cr(acac);) were purchased from Aldrich
Chemical Co. (Mississauga, Ontario, Canada). All reagents and
solvents were used as received.

Spill Information and Sample Collection. On June 8, 2000,
a fire alarm malfunctioned at an airline hanger at L. B. Pearson
International Airport, Toronto, Ontario, Canada. The malfunction
released 22 000 L of fire retardant foam and 450 000 L of water
from the sprinkler system into storm sewers, which led to Spring
Creek, then into Etobicoke Creek, which empties into Lake
Ontarin 3!

(29) Schrader, H. F. Vorn Wasser 1991, 77, 277-290.

(30) Hansen, K. J.: Clemen. L. A.: Ellefson. M. E.: Johnson. H, O. Environ Sci
Technol. 2001, 35. 766—770,

(31) King. R.; Hache. T. Airport Foam Seeps into Creek. The Toronto Star,
Toronta, Omtario, Canada. June 10, 2000, p BA.
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[t has been reported that perfluorinated surfactants may adsarb
to glass:*' therefore. all of the surface water samples were collected
in polypropylene bottles. Etobicoke Creek samples were collected
over a period of 153 days after the AFFF spill. Sample site 1. which
is upstream of the airport and the AFFF spill, was collected as
hackground surface water. Samples were stored without preserva-
tion at 4 °C prior to analysis. Additionally, care was taken to avoid
sample contact with Teflon, which is known to contain one or
more of the analytes of interest.

Surface Water Preconcentration. The surface water samples
(0.2 to 200 mL) were allowed to warm to room temperature,
shaken, and sub-sampled. To preconcentrate the surface water
samples. the aqueous sample was passed through a precondi-
tioned,C18 (Supelclean ENVI-18, Supelco; Bellefonte, PA) car-
tridge (500 mg, 3 mL). The extraction medium was preconditioned

* by passing 5 mL of methanol through the C18 cartridge, followed
by 5 mL of deionized water. The sample container was rinsed with
2 mL of deionized water, and the sides of the sample cartridge
were rinsed with two 1-mL aliquots of deionized water. The C18
cartridges were centrifuged to remove any residual water and then
were placed in clean, polypropylene centrifuge tubes. For the
samples to be analyzed by LC/MS/MS, the analytes were eluted
with 2 mL of methanol and again centrifuged; the extracts were
refrigerated at 4 °C prior to analysis. The internal standard,
PFDoA. was added to each methanol extract just prior to the
analysis by LC/MS/MS. For "F NMR analysis, the analytes of
interest were eluted from the columns using 1 mL of deuterated
NMR solvent, then quantitatively transferred to a volumetric flask
containing Cr{acac)y and the internal standard. TFMAA.

Liquid Chromatography/Tandem Mass Spectrometry and
Quantitation. Standard compounds were infused through a
syringe pump (KD Scientific; Boston, MA) at a flow rate of 25
#L/min for positioning of the ion sprayer and tuning of the mass
spectrometer. The methanol extracts (25 1L injection volume) with
the internal standard present were chromatographed [guard
column (Security Guard, C18, Phenomenex; Torrance, CA) and
Genesis C8 column, 2.1 mm x 50 mm, 4 ym, (Chromatographic
Specialties; Brockville, Ontario)] using high performance liquid
chromatography (model 700, Waters; Milford, MA) with a {low
rate of 300 xL/min. The gradient was operated from 40 to 95%
eluent B for 5 min, then held at 95% eluent B for 10 min, where
eluent A is 10 mM aqueous ammonium acetate, and eluent B is
10 mM ammonium acetate in methanol. The total run time was
15 min. with an equilibration time of 10 min between successive
samples.

All of the mass spectra were acquired on a Quattro LC liquid
chromatography tandem mass spectrometer equipped with a
Z-spray interface (Micromass; Manchester, U.K) employing
negative electrospray ionization. The capillary voltage was 2.7 kV,
and the cone voltage ranged from 14 ta 55 V, depending on the
individual compound of interest (Table 1). The dwell time was
0.2 s. The source block and desolvation temperatures were 130
and 330 °C. respectively. The nebulizer and desolvation gas
{lowrates were 50 and 550 L/hr. respectively. During tandem mass
spectrometric analysis, argon was used as the collision gas (5.0
x 107 mBar) where the collision energy (12 to 45 eV, see Table
1} was varied for optimal performance for each compound. Full-
scan mode was employed for the identification of individual

2202 Analytical Chemistry, Vol. 73, No. 10, May 15, 2001

Table 1. Optimized LC/MS/MS Parameters for the
Determination of Perfluoroalkanesulfonates and
Perfluorocarboxylates in AQqueous Samples

daughter
parent ion collision cone instrumental

ion, monitored,  energy, voltage. detection
compd m/z m/z e \ limit, pg
PFPeA 263 219 12 14 3
PFHxA 313 269 12 14 3
PFHpA 363 319 12 14 4
PFOA 413 369 12 14 1
PFDoA 613 569 14 18 8
PFBS 299 99 33 40 5
PFHxS 399 99 40 45 3
PFOS 499 99 45 55 4

surfactants. For quantification, multiple reaction monitoring
(MRM) was used for each perfluorinated surfactant (Table 1).

Calibration curves constructed for PFOS and PFOA ranged
from 0.85 to 208 ug/L and 0.46 to 325 ug/L, respectively, and
were linear. with  typically > 0.99. When quantification of PEHxS
was performed, we assumed a response factor equal to an
equimolar amount of PFOS.

Spike and Recovery of Surface Water Samples by LC/MS/
MS. Spike and recovery experiments were performed to deter-
mine the precision and accuracy of the method. One set of spike
and recovery experiments was performed using deionized water
that had been previously determined to contain neither PFOS nor
PFOA above detection. Six samples (50-mL) were spiked to three
different final concentrations. 0.33, 0.83. and 1.66 ug/L of PFOS
and 0.52, 1.30, and 2.60 #g/L of PFOA. With this experiment, the
spiked deionized water samples were preconcentrated and ana-
lyzed by LC/MS/MS.

Standard addition analysis was performed using a surface water’
sample (sample 3-4, n = 3) that had been previously determined
to contain PFOS and PFOA above detection. Known amounts of
PFOS and PFOA were added to the samples. For example, surface
water from sample 3-4, which contained a background concentra-
tion of 66.7 and 1.14 ug/L for PFOS and PFOA, respectively, was
spiked with standards to give final concentrations of 133 and 105
ug/L of PFOS and PFOA, respectively. »

'F NMR Spectrometer Parameters and Quantitation. All
of the F NMR spectra were obtained on a Varian Unity 500,
3-channel spectrometer operating at 470.297 mHz at 26 °C. The
NMR was equipped with a 5-mm Nalorac F proton decoupling
probe. To zero-ill the free induction decays (FID), the Fourier
number was set to equal twice the number of data points. All of
the chemical shifts were relative to CFCly (0.000 ppm). The NMR
spectra were acquired with optimized parameters for which the
90° pulse width was 10.5 s and the spectral window was —50 to
—85 ppm.

Acquisition lime was limited to 45 min (1000 transients), and
control (blank) samples were set at 10 h (13 888 transients). The
spin—lattice relaxation times (7T}) for PFHxA. PFOA. PFHxS. and
PFOS in methanol with 4 mg Cr(acac); were determined to be
0.3143. 0.3546, 0.3063, and 0.3886 s, respectively. The T; for PFOS
without the addition of Cr(acac), was 1.753 s. For quantification,
the minimum recycling delay time (D)) value (equal to ap-
proximately 5 x the Tj) was set to the maximum 7; (PFOS, 0.3886
s) for the analytes of interest, 2.0 s. The measurements of T,
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enables the optimization of Dy values, which then allows the
maximum sensitivity for a given number of transients. The data
were processed with an exponential multiplication corresponding
to a 10 Hz signal width.

The total concentration of perfluorinated surfactants, which
includes perfluoroalkanesulfonates and perfluorocarboxylates, was
determined by a linear calibration curve (2 > 0.99) using known
concentrations of PFOS (1.00-105 xg/mL) and the internal
standard, TFMAA.

Spike and Recovery Experiments by 'F NMR. To deter-
mine the extraction efliciéncy of the preconcentration solid-phase
extraction step, triplicate field water samples (100-mL) were spiked
with known concentrations of PFOS, 0.15 and 0.70 mg/L. A second
experiment was conducted using a single field water sample (100-
mL) that contained a mixture of- PFOS, PFHxS. PFOA, and
PFHXA, with concentrations of 25, 10, 10, and 10 mg/L, respec-
tively

RESULTS AND DISCUSSION
Optimization of the LC/MS/MS Method. Standards of

PFOA and PFOS had retention times of 9.2 and 9.8 min,
respectively. and the internal standard, PFDoA, eluted at 11.3 min.
Preliminary experiments using a hydrocarbon surfactant, sodium
|-tetradecane sulfonate (Lancaster; Pelham, NH), as the internal
standard were found to be unacceptable, because the hydrocarbon
surfactant did not behave in a manner similar to the perfluoro-
carbon surfactant standards during electrospray ionization. Be-
cause of its perfluorinated characteristics, a higher chain per-
fluorocarboxylate homologue, PFDoA, was employed for the
internal standard. Surface water samples were analyzed without
the addition of PFDoA to ensure the absence of the compound
prior to its use as an internal standard.

For luture-applications of this method, an alternative internal
standard would be an isotopically labeled perfluoroalkanesulfenate
and perfluorocarboxylate, which would behave almost identically
to thal of nonlabeled compounds during electrospray ionization.
A second option for an internal standard is a partially fluorinated
internal standard, such as 1H,1 H.2H,2 Hperfluorooctanesulfonate

Standard solutions of perfluoroalkanesulfonates and per-
fluorocarboxylates were used to optimize the collision energy and
cone vollage for each individual compound (Table 1). Optimal
collision encrgies and cone vollages were similar to those
previously reported in the literature.* The parent ion (|M]-) for
individual perfluorinated surfactants was observed by negative
electrospray ionization: for example, the parent ion for PFQOS, m/
499. was observed for a PFOS standard. The molecular ions
observed for homologues of perfluoroalkanesulfonates and per-
fluorocarboxylates were separated by 50 amu, which correspond-
eds to the CF, group present within the perfluorocarbon chain
(Table 1).

Because of an increase in sensitivity in MRM mode over full-
scan mode. MRM mode was employed for quantification. For
example, the transition of PFOS, m/z 499 (CgF,;S0;7), to m/z99
(daughter fragment, FSO4~) was monitored (Table 1). The two
predominant daughter ions produced from the fragmentation of
m/z 499 with optimal parameters were m/z 80 (SO4”) and m/z
99 (FSQ4 ). Although the intensity of the daughter ion at m/z 80
is greater than that of the daughter ion at m/z 99, the latter ion
was monitored for quantification because the presence of fluorine

gives greater specificity for perfluorinated surfactants. For the
perfluorocarboxylate compounds, the perfluorocarbon chain frag-
ment was monitored (Table 1). As an example, for PFOA, the
transition from the parent ion. m/z 413 (C;FsCOQ"), to m/z369
(C+F157) was monitored for quantification. This is in contrast to
the methodology by Hansen et al.¥ that monitored m/z 169 for
PFOA, which corresponds to (CsFq7).

Because of the sorptive nature of perfluorinated compounds,
particularly perfluoroalkanesulfonates. instrument cleanliness is
extremely important. Throughout sample analyses, the cone and
baffle were cleaned with methanol at least every 5—10 samples
or as often as necessary. To guarantee data quality, standards were
analyzed and interspersed throughout the sample runs to verify
the calibration curve validity and instrument performance. To
ensurc that no laboratory contamination or instrumental carryover
issues existed, 100-mL deionized water samples were routinely
extracted and analyzed by LC/MS/MS. Additionally, reagent
blanks (methanol) werc run periodically throughout sample sets.
It should be noted that when surface water samples were not
preconcentrated and were directly injected onto the HPLC column,
significant carryover was observed for repetitive highly concen-
trated samples. The carryover issues were eliminated when the
analytes were in methanol rather than an aqueous matrix.

Accuracy, Precision, and Detection Limits for LC/MS/
MS. Although it was our original intent to use the surface water
collected upstream of the airport and spill (sampling site 1) for
spike and recovery experiments, it was found to contain detectable
concentrations of PFOA (0.011 and 0.028 ug/L). One possible
explanation for the observed concentrations in surface water
upstream of the discharge is widespread environmental contami-
nation of perfluorocarboxylates. Our current research focuses on
possible sources for PFOA and other perfluorinated surfactants
in Etobicoke Creek.

The spike and recovery experiment was performed using 50-
mL sample volumes and percent recoveries for PFOS (at three
different concentration levels) ranged from 49 to 130%, with a mean
of 68% £ 45%. The percent recoveries for PFOA (at three different
concentration levels) ranged from 80 to 109%, with an average of
93% + 11%.

Other spike and recovery experiments using smaller chain
homologues of perfluoroalkanesulfonate and perfluorocarboxylates
indicate that the extraction efficiency using C18 for the shorter
chain homologues is <100%; for example. the percent recoveries
for perfluorobutanesulfonate (PFBS) and perfluoropentanoate
(PFPeA) were 35 and 15%, respectively. The applicability of this -
method is limited to environmental samples with 6—10 perfluori-
nated carbons. Clearly, additional work is needed in the future to
improve extraction efficiencies employing solid-phase extraction
for the perfluorinated compounds. particularly the perfluoro-
alkanesulfonates.

Because detectable concentrations of PFOS and PFOA were
found in surface water samples, a standard addition experiment
was performed to determine the recoveries of PFOS and PFOA.
The percent recoveries of PFOS and PFOA spiked into surface
water samples were calculated as the measured spiked concentra-
tion minus the original sample concentration divided by the
concentration added to the sample multiplied by 100. The percent
recoveries of PFOS for sample 34 (n = 3) was 49, 55. and 72%
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Figure 1. LC/MS/MS chromatogram of perfluorinated compounds, including PFOS, PFHxS, PFOA, PFHpA, and PFDoA (internal standard)

in a surface water sample.

(average of 59% + 20%), and the recoveries for PFOA were 87,
87, and 99% (average of 91% + 7.6%). Because the percent
recoveries for analytes spiked into surface water were similar 1o
those observed in spike and recovery experiments with deionized
water. it was presumed that nothing in the sample matrix
coniributed to a reduclion in conceniration. For this standard
addition experiment. a second 2-mL aliquot of methanol was added
to one of the C18 cartridges after the initial 2 mL of methanol
was added to elute the analytes of interest. The cartridge was
cenfrifuged, and the second fraction was analyzed by LC/MS/
MS in the same manner as the first extract. Interestingly, PFOS
was present in the second sample eluate. One approach to improve
percent recovery would be to increase the elution volume of
methanol from 2 to 5 mL. This needs to be investigated further
prior to future analyses of environmental samples to ensure the
accuracy of the method.

The RSD calculated from three replicate analyses of two
surface water samples, sample 2-4 and sample 3-3, was 4.3 and
6.0% for PFOS. 15 and 8.0% for PFHxS, and 7.5 and 5.3% for PFOA,
respectively. In general, the RSD values [or replicate analyses for
surface water samples indicate good precision within the meth-
odology.

The detection limit of the instrument was defined as those
concentrations of PFOS and PFOA that were needed to produce
a signal-to-noise (S:N) ratio of 3:1. The instrumental detection limit
was 4 and 1 pg for PFOS and PFOA, respectively (Table 1). The
limit of quantitation (LOQ) was based upon the lowest calibration
curve standard for PFOS and PFOA. The LOQ for a 100-mL
surface water sample for PFOS and PFOA was 17 and 9 ng/L,
respectively. Previously reported detection limits for PFOS and
PFOA in nonconcentrated sera by LC/MS/MS were 1.7 and 1.0
1g/L. respectively,
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Optimization of the '%F NMR Method. For the quantitative
determination of perfluorinated surfactants, the *F NMR spectral
window was restricted to the range of —55 to —85 ppm.
Quantilication was based upon the peak area of the Lerminal CF;
group (the CF; group was the largest peak in each spectrum)
and the peak area of the internal standard (TFMAA). Because
the chemical shift and coupling constants were approximately the
same for the CF; groups of PFOS, PFHxS, PFOA, and PFHxA,
spectral overlap occurred when quantification was based solely
on this substituent. Once the ''F NMR parameters were estab-
lished for the T, relaxation times of the compounds, the response
factor from all of the terminal CF; groups that were present was
the same. Therefore, quantification was based upon calibration
curves constructed using a single compound, PFOS, having a
relaxation time long enough to allow the relaxation time of all
CF; groups, thereby allowing complete quantitation of the per-
fluorinated surfactants present.

Accuracy, Precision, and Detection Limits for '*F NMR.
For the ¥F NMR methodology, the solid-phase extraction ef-
ficiency experiment recoveries of PFOS from deionized water, at
0.15 mg/L and 0.70 mg/L, were 96% + 18% and 99% £ 10%,
respectively, for three replicates at each concentration. The
recovery of the mixed standard for a single replicate was 86%,
based upon a calibration curve constructed with PFOS. The
precision of the “F NMR method, indicated by the relative
standard deviation (RSD), for a single surface water sample (n =
3) was 5.4%. The percent recoveries for spike and recovery
experiments indicate that the accuracy of the method is accept-
able. and the percent RSD value for a surface water sampie
performed in triplicate indicates good precision within the '*F

- NMR methodology.

EPA 01433






Table 2. Total Perfluorinated Surfactant Concentration
Determined by '*F NMR and LC/MSMS in Surface
Water Samples from an AFFF Spill

sample g tot concn by tot concn by
collection NMR,  "FNMR"  LC/MS/MS".

sample date n ng/L ng/L

2-1 June 10, 2000 | <mdl" 0.011

2-2 June 10, 2000 I 311 93.5

2-3 June 10, 2000 1 417 114

2-4 June 10. 2000 ! 539 133

2-5 June 10, 2000 1 900 185

2-6 June 10, 2000 3 17 000 (5.4%) 2270

31 June 11, 2000 | <mdl 0.028

33 June 11, 2000 1 931 205

34 . June 11, 2000 1 267 69.3

? Sample 2-1 denotes the sample was collected 2 days after the sPlll
(June 10, 2000) at sampling site 1, * Total concentration (é: /L) by 19F
NMR represents the concentration determined from the CFs chemical
shift, approximately —79 ppm. The RSD is given in parentheses for a
replicate analysis. © Total concentration by LC/MS/MS represents the
summation of PFOS. PFHxS. and PFOA concentrations (ug/L).
“ Method detection limit (mdl) for "F NMR is 10 ug/L for a 100-mL
aqueous sample.

On the basis of a signal-to-noise ratio of 3:1, the instrumental
detection limit was 0.25 ¢#1g/mL. The detection limit of the method
was defined as those cancentrations of PFOS that were needed
to produce a signal-to-noise of 3:1 and was 10 sg/L for a 100-mL
surface water sample. _

Application to Surface Water Samples. To demonstrate the
LC/MS/MS method, nine surface water samples from Etobicoke
Creek were analyzed for perfluoroalkanesulfonates and per-
luorocarboxylates. Chromatograms obtained in [ull-scan mode
indicated the presence of multiple perfluorinated compounds, all
of which had characteristic perfluorocarbon fragmentation.*2* One
indication of perfluorocarbon fragmentation was that the major
daughter ions differed by 50 amu, which corresponds to the mass
of CF,. Additionally, the retention times for the perflucrinated
compounds in surface water samples (Figure 1) were coincident
to that of the purchased standards.

An unidentified peak having a retention time of 1.6 min was
observed in full-scan mode (m/z 50—800). Spectral evidence,
including characteristic perfluorocarbon fragmentation, indicated
that it may be an amphoteric fluorinated surfactant, such as an
amphoteric fluoroalkylamide, which is listed as a proprietary
component in some AFFF formulations.%-3% Because the am-
photeric fluorinated surfactant component comprises 1.0~5.0% of
an AFFF concentrate, this class of fluorinated compounds is
potentially present in Etobicoke Creek samples at higher concen-
trations than the perfluoroalkanesulfonates (0.5 to 1.5% of con-
centrate composition) and perfluorocarboxylates.

Tolal perfluorinated concentrations. the summation of PFQS,
PFHxS, and PFOA concentrations, in surface water samples
ranged from 0.011 to 2270 «g/L (Table 2). Perfluorooctane-
sulfonate was the predominant anionic perfluorinated surfactant
detected in surface water samples by this method. The Etobicoke

(32) Lyon, P. A Tamer, K. B.: Gross, M. 1. Anal. Chern. 1985, 57, 2984—2989.

(33) Mclaflerty, F. W.; Turecek, F. Interpretation of Mass Spectra. 4th ed.;
Uiniversity Science Books: Sausalito, CA, 1993,

(34) Howell, R. D.: Tucker, E. E. Am. Environ, Lab. 1996, 12, 10—-11

(35) Material Safety Data Sheet for FC-203CF Light Water Brand aqueous film
forming foam. 3M Company, St. Paul. MN, 1997.

Table 3. Individual Perfluorinated Surfactant
Concentrations Determined by LC/MS/MS in Surface
Water Samples from an AFFF Spill

date PFHxS? PFOS* PTFOA®

sample? cotlected n ug/L ug/L ug/L

21 June 10,2000 1 nd nd" 0.011

2-2 June 10.2000 1 3.45 89.2 0.81

23 June 10,2000 1 nd 113 0.61

24 June 10. 2000 3 5.44 (15%) 126 (4.3%) 1.60 (7.5%)

2-5 June 10,2000 1 822 174 2.49

26 June 10. 2000 1 49.6 2210 11.3

31 June 11,2000 1 nd nd 0.028

33 June 11,2000 3 3.44 (8.0%) 201 (6.0%) 0.513 (5.3%)

34 June 11,2000 1| 1.47 66.7 1.14

#Sample 2:1 denotes the sample was collected 2 days after the spill
(June 10, 2000) at sampling site 1. * The relative standard deviation is
Fiven in parentheses for rc?ltcate analyses. “nd: not detected. Method
imit of quantitation for a 100-mL sample by LC/MS/MS is 17 and 9
ng/L for PFOS and PFOA, respectively.

Creek samples had total perfluoroalkanesulfonate concentrations
from nondetect (nd) to 2260 ug/L, with PFOS concentrations
ranging from nd to 2210 «g/L (Table 3). and generally accounting
for >90% of the total perfluoroalkanesulfonate concentrations.
Perfluorohexanesulfonate concentrations ranged from nd to 49.6
ug/L (Table 3), with the C6 homologue accounting for <10% of
the total perfluoroalkanesulfonate concentration. Perfluoro-
heptanesulfonate and PFBS were observed in surface water
samples but were not quantified. This suite of aqueous samples
was not monitored for perfluoropentanesulfonate. The observation
of a suite of homologues in surface water contaminated with AFFF
material is consistent with previous reports of AFFF-contaminated
groundwater.'¥

Perfluorooctanoate concentrations ranged from 0.011 1o 11.3
u#g/L (Table 3). Lower chain perfluorocarboxylate homologues.
including perfluoroheptanoate (Figure 1), perfluorohexanoate, and
perlluoropentanoate were also observed. The finding of per-
fluorocarboxylate homologues is again in agreement with the
observation of perfluorooctancate and other lower chain per-
fluorocarboxylate homologues in groundwater contaminated by
AFFF 51924

An AFFF concentrate® was diluted with deionized water,
preconcentrated, and analyzed by LC/MS/MS. Peifluorooctanc-
sulfonate, PFHxS. PFOA. and PFHpA were detected in the AFFF
concentrate sample and showed retention times and fragmentation
patterns similar to the perfluorinated compounds observed in
surface water samples collected from Etobicoke Creek and
purchased perfluorinated standards. The observation of a suite
ol homologues for each class of perfluorinated surfactants is
reasonable, given that the raw materials used for the syntheses
of these compounds are mixtures.2 Furthermore. the presence of
even and odd homologues of perfluoroalkanesulfonates and
perfluorocarboxylates in AFFF concentrates and surface water
samples is indicative of the electrochemical fluorination manu-
facturing process.

The second developed method, the F NMR method, was
employed on the same suite of surface water samples. A typical
F NMR spectrum (Figure 2) indicates the presence of per-
fluorinated surfactants in surface water collected from Etobicoke
Creek. Total perfluorinated surfactant concentrations ranged from
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Figure 2. '9F NMR spectrum for a surface water sample highlighting
perfluorinated compounds relative to the internal standard TFMAA.
The additional peaks from the perfluorocarbon chain are shown in
the inset.

the method detection limit (ind!, 10 ug/L) to 17 000 ug/L (Table
2). The creek water samples that were collected upstream of the
airport and the spill (samples 2-1 and 3-1) were blank in the region
of interest, —79 ppm.

It should be noted that it is unlikely that an additional source
of perfluorinated compounds in the '"F NMR spectra originated
from agricuitural applications: common perfluorinated compounds
employed for agriculture purposes inctude fluometuron, trifluralin.
and tefluthrin.!* The range of “F NMR chemical shifts for
perfluorinated pesticides are generally ~60 to —70 ppm, but the
chemical shilt for perfluorinated surfactants including PFOS,
PFHxS, PFOA. and PFHxA was approximately —79 ppm (Figure
2). Additionally, the fluorinated compounds employed for agri-
culture generally have a single CF; group adjacent to an aromatic
ring, and therefore. the CF; peak is a singlet. In contrast. the CF
peaks that were observed for perfluorinated surfactants were as
multiplets.

As can be observed through the comparison of the results
(Table 2), discrepancies exist between the total perfluorinated
surfactant concentrations measured by the two independent
methods. With each surface water sample, there was considerable
variance between the total perfluorinated surfactant concentration
determined by "“F NMR and the total concentration (the summa-
tion of PFOS, PFHxS, and PFOA concentrations) by LC/MS/MS.

(36) Mabury. S. A.: Croshy, D. G. /. Agric. Food Chem. 1995, 43, 1845—1848.
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The total concentrations for sample 2-6, 17 000 and 2270 ug/L
for F NMR and LC/MS/MS, respectively, illustrate the differ-
ences. These discrepancies may be attributed to the presence of
other surfactants in the surface water samples that yield a '“F NMR
spectrum similar to that of perfluoroalkanesulfonates and per-
fluorocarboxylates, therefore, contributing to the peak area at —79
ppm and yielding higher total concentrations. One example of a
surfactant potentially present in the NMR solution would be an
amphoteric fluorinated surfactant having a CF; group that con-
tributes to the '*F NMR spectra. This is a plausible explanation,
given the mass spectral observations by liquid chromatography/
mass spectrometry in full-scan mode.

CONCLUSIONS

Two independent analytical techniques were developed to
determine the concentration of perfluorinated surfactants, includ-
ing perfluoroalkanesulfonates and perfluorocarboxylates, in aque-
ous samples. Results from both methodologies indicate per-
fluorinated surfactants were directly released inte the environment
at mg/L levels. Negative electrospray ionization LC/MS/MS is a
powerful ool to characterize and determine concentrations of a
range of perfluorinated surfactants in environmental matrixes.
Employing LC/MS/MS allowed for the unambiguous determina-
tion of individual perfluorinated surfactant compounds in Etobi-
coke Creek samples after a fire-fighting foam spill. The '¥F NMR
method (with its specificity to fluorine) complements the LC/
MS/MS methodology by providing unequivocal structural infor-
mation. This structural information will have future applications
in the study of linear and branched isomers of perfluorinated
surfactants. Additionally, when high concentrations of the analytes
are present, as was the case in the surface water collected
immediately following the AFFF spill, the 'F NMR can give
valuable information in a short period of time. When combined,
the developed methods permit the characterization of surface
water samples for the presence of several classes of fluorinated
surfactants. Our current research focuses on employing the
developed LC/MS/MS and '"F NMR methodologies for the study
of the persistence of perfluorinated surfactants in Etobicoke Creek
aqueous and biota samples.
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